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1.  INTRODUCTION 


Viruses  are  the  most  common  cause  of  lymphoma  in  patients  with  immune  dysfunction,  and  virus-associated 
lymphomas  incur  high  mortality  for  these  patients  due  to  a  lack  of  effective  therapeutic  strategies.  Studies  in 
this  proposal  are  designed  to  elucidate  mechanisms  for  regulation  of  AIDS/KSHV-associated  lymphoma 
pathogenesis  by  the  oncogenic  protein  HGF/c-MET,  and  whether  targeting  HGF/c-MET  reduce  virus- 
associated  lymphoma  progression  in  vivo. 

2.  KEYWORDS 

HGF,  c-MET,  KSHV,  primary  effusion  lymphoma,  apoptosis,  cell  cycle,  DNA  damage 

3.  ACCOMPLISHMENTS 

3.1.  What  were  the  major  goals  of  the  project? 

There  are  3  specific  aims  in  this  project,  Aim  1:  To  identify  the  complex  mechanisms  of  the  HGF/c-MET 
pathway  controlling  cell  survival/growth  for  PEL  tumor  cells.  Aim  2:  To  understand  the  mechanisms  viral 
oncogenic  proteins  used  to  activate  the  HGF/c-MET  pathway.  Aim  3:  To  determine  whether  a  selective  small- 
molecule  inhibitor  of  c-MET,  PF-2341066,  can  repress  PEL  progression  and/or  reduce  established  tumor  in  an 
immune-deficient  xenograft  mice  model. 

The  following  are  the  condition  of  subtask  completion  as  indicated  in  SOW: 


Specific  Aim  l(specified  in  proposal) 

Timeline 

Site  1 

Major  Task  1 

Months 

Subtask  1 :  HGF/c-MET  affects  viral  gene 
expression  (ongoing) 

2-3 

Dr.  Qin 

Subtask  2:  HGF/c-MET  affects  downstream 
signaling  pathways  (ongoing) 

3-4 

Dr.  Qin 

Subtask  3:  HGF/c-MET  affects  ceil  cycle 
checkpoints  (completed) 

2-3 

Dr.  Qin 

Subtask  4:  HGF/c-MET  affects  HGF  secretion 
from  PEL  ceils  (completed) 

1-2 

Dr.  Qin 

Specific  Aim  2  (specified  in  proposal) 

Timeline 

Site  1 

Major  Task  2 

Months 

Subtask  1 :  viral  proteins  are  essential  for 
activation  of  HGF/c-MET  (not  started) 

2-3 

Dr.  Qin 

Subtask  2:  key  domain  or  amino  acid  residues 
essential  for  activation  of  HGF/c-MET  (not 
started) 

4-6 

Dr.  Qin 

1 


Subtask  3:  the  role  of  c-MET  phosphorylation  in 
signaling  activation  (not  started) 

2-3 

Dr.  Qin 

Specific  Aim  3  (specified  in  proposal) 

Timeline 

Site  1 

Major  Task  3 

Months 

Subtask  1:  c-MET  inhibitor  prevents  PEL 
development  in  NOD/SCID  mice  model 
(ongoing) 

4-5 

Dr.  Qin 

Subtask  2:  c-MET  inhibitor  reduces  established 
PEL  progression  in  NOD/SCID  mice  model 
(ongoing) 

5-7 

Dr.  Qin 

3.2.  What  was  accomplished  under  these  goals? 


In  the  first  year  of  funding  period,  we  have  almost  completed  Specific  Aiml  subtasks,  and  have  obtained  some 
promising  data  for  Specific  Aim3  subtasks  as  listed  in  the  SOW  forms  above.  During  this  funding  period,  we 
have  totally  published  8  peer-reviewed  articles  about  the  molecular  mechanisms  of  KSHV  viral  oncogenesis, 
and  developing  novel  therapeutic  strategies  against  these  malignancies,  including  one  in  BLOOD  journal.  In  all 
these  publications,  I  serve  as  the  corresponding  or  co-corresponding  author.  We  also  had  oral  presentation 

and/or  poster  display  on 
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apoptosis  through  cell 
cycle  arrest  and  DNA 
damage.  To  seek  the 
potential  mechanisms 

involved  in  c-MET  inhibitor 
induced  PEL  apoptosis,  we 
found  that  PF-2341066 
treatment  obviously  caused 
cell  cycle  G2/M  arrest  when 
compared  to  vehicle  control 
by  flow  cytometry  analysis 
(Fig.lA).  Further  analysis 
indicated  that  PF-2341066 
affected  the  expression  of 
several  check  point 

regulatory  proteins  (positive/negative):  increasing  Mytl,  phosphor-Cdc2/Chk1/Chk2,  while  reducing  Cyclin  A2, 
Cyclin  B1  and  phosphor-Rb  from  BCBL-1  cells  (Fig. IB).  Interestingly,  we  found  that  PF-2341066  treatment 
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Figure  1.  Targeting  HGF/c-MET  causes  G2/M  cell  cycle  arrest  and  DNA  damage  in  KSHV1  PEL  cells.  (A) 

PEL  cells  were  incubated  with  0.4  mM  PF-2341066  or  vehicle  control  for  24  hours,  then  stained  by  PI  and 
analyzed  by  flow  cytometry.  (B-D)  The  protein  expression  and  DNA  damage  in  BCBL-1  were  measured  by 
immunoblots  and  CometAssay,  respectively.  (E)  The  cellular  expression  of  DNA  damage  markers  phosphor-p53 
and  phosphor-H2A.X  was  detected  by  immunofluorescence,  and  the  nuclear  was  shown  by  DAPI  staining. 
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also  caused  obvious  DNA  damage  of  PEL  cells,  as  indicated  by  the  CometAssay  and  the  upregulation  of  DNA 
damage  marker,  phosphor-p53  and  phosphor-H2A.X  but  not  the  total  protein  levels,  respectively  (Fig.lC-E). 


2)  Identifying  downstream  genes  controlled  by  HGF/c-MET  pathway  in  KSHV+  PEL  cell-lines.  We  used 

the  HumanHT-12  v4 


BCBL-l 


BCP-1 


Figure  2.  Microarray  analysis  of  gene  profile  altered  within 
PF-2341 066-treated  PEL  cell  lines.  (A)  The  HumanHT-12  v4 
Expression  BeadChip  (lllumina)  was  used  to  detect  gene  profile 
altered  within  PF-2341 066-treated  PEL  cell  lines  (BCBL-1,  BC- 
1,  and  BCP-1)  when  compared  with  vehicle-treated  control.  Set 
I:  Common  genes  altered  in  all  the  3  cell  lines.  Set  II:  Similar 
genes  altered  in  every  2  cell  lines.  Set  III:  Unique  genes  altered 
in  each  cell  line.  (B-D)  The  enrichment  analysis  of  gene  profile 
(common,  similar,  and  unique  set  as  indicated)  significantly 
altered  by  c-MET  inhibitor  was  performed  using  the  MetaCore 
software  (Thompson  Reuters)  modules:  Pathway  Maps  (B), 
Gene  Ontology  Processes  (C),  and  Process  Networks  (D). 
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Expression  BeadChip 
(lllumina)  to  study  the 
gene  profile  altered 
between  vehicle-  or  PF- 
2341 066-treated  3 
KSHV+  PEL  cell-lines 
(BCBL-1,  BC-1  and 
BCP-1).  Intersection 
analysis  indicated  that 
there  were  totally  51 
common  genes 

significantly  altered 
within  all  the  3  PF- 
2341 066-treated  cell¬ 
lines  (up/down>2  folds 
and  p<0.05);  20  similar 
genes  altered  between 
BCBL-1  and  BC-1,  188 
similar  between  BCBL-1 
and  BCP-1,  and  13 
similar  between  BC-1 
and  BCP-1;  282  genes 
altered  were  unique  to 

BCBL-1,  148  unique  to  BCP-1  and  52  unique  to  BC-1  (Fig.2A).  We  also  performed  enrichment  analysis  of 
these  common,  similar  and  unique  set  of  genes  using  the  Pathway  map,  Gene  Ontology  (GO)  Processes  and 
Process  Networks  modules  from  Metacore  Software.  Our  analysis  showed  that  several  major  cellular  functions 
were  affected  within  PF-2341 066-treated  PEL  cells,  including  apoptosis/ER  stress  response  pathway, 

epigenetic  regulation  of  gene  expression, 
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cell  cycle/checkpoint  and 
related  proteins  (Fig.2B-D). 
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Figure  3.  The  c-MET  selective  inhibitor  PF-2341066  reduces  HGF  production 
from  KSHV+  PEL  cells.  (A)  PEL  cells  were  incubated  with  the  indicated 
concentrations  of  PF-2341066  for  24  hours,  then  the  HGF  concentrations  in 
supernatant  were  determined  by  ELISA  Error  bars  represent  the  S  E  M  for  3 
independent  experiments.  *=P  <  .01  (B)  The  protein  expression  in  BCBL-1  was 
measured  by  immunoblots. 


3)  c-MET  inhibitor  treatment  reducing 
HGF  production  from  PEL  cells.  We 

found  that  c-MET  inhibitor,  PF-2341066 
treatment  greatly  reduced  HGF  production 
from  KSHV+  PEL  cell-lines,  although  the 
underlying  mechanisms  remain  unclear 
(Fig.3A).  By  using  immunoblots,  we 
confirmed  that  PF-2341066  treatment 
increased  the  expression  of  cleaved- 
caspase  3  and  9,  while  reducing 
phosphor-c-MET  and  downstream 
phosphor-ERK  activities  (Fig.3B). 

4)  Selective  c-MET  inhibitor  treatment 
effectively  preventing  PEL  expansion  in 
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the  xenograft  model.  We  administered  PF-2341066  (or  vehicle)  intraperitoneally  (i.p.)  within  24  hours  of 
BCBL-1  cell  injection  and  for  a  5-week  treatment.  We  found  that  PF-2341066  treatment  dramatically 
suppressed  PEL  tumor  progression  including  reducing  ascites  formation  and  spleen  enlargement  over  this 
timeframe  (Fig.4A-C).  By  using  the  H&E  staining,  we  observed  huge  tumor  infiltration  into  the  spleen  of 
vehicle-treated  mice,  while  only  small  tumor  nodules  were  dispersed  in  the  spleen  of  PF-2341066-treated  mice 

(Fig.4D). 

3.3.  What  opportunities 
for  training  and 
professional  development 
has  the  project  provided? 

I  have  trained  one 
postdoctor  in  my  lab,  Dr.  Lu 
Dai,  and  she  has  published 
8  papers  during  this  funding 
period  (as  the  first  author  in 
most  publications).  We  also 
have  displayed  our  data  in 
several  national  or 
international  meetings  such 
as  International  Workshop 
on  Kaposi’s  Sarcoma 
Associated  Herpesvirus 
(KSHV)  and  Related  Agents. 
With  the  support  by  this 
DOD  award,  I  recently  got  a 
Leukemia  Research 

Foundation  pilot  funding 
about  the  sphingolipid  metabolism  in  AIDS-related  lymphomas,  although  which  is  NOT  overlapped  with  the 
current  project. 

3.4.  How  were  the  results  disseminated  to  communities  of  interest? 

Nothing  to  Report. 

3.5.  What  do  you  plan  to  do  during  the  next  reporting  period  to  accomplish  the  goals? 

We  will  continue  to  study:  1)  whether  HGF/c-MET  pathway  affects  viral  gene  expression  in  PEL  cells;  2) 
functional  validation  of  HGF/c-MET  controlled  downstream  genes  identified  by  microarray  analysis  and  their 
contribution  to  PEL  pathogenesis;  3)  how  viral  proteins  activate  HGF/c-MET  pathway  from  PEL  cells;  4)  the 
underlying  mechanisms  through  which  c-MET  inhibitor  suppression  of  PEL  expansion  in  vivo. 

4.  IMPACT 

4.1.  What  was  the  impact  on  the  development  of  the  principal  discipline(s)  of  the  project? 

Our  results  have  illuminated  the  molecular  mechanisms  through  which  the  HGF/c-MET  pathway  regulates 
KSHV+  PEL  cell  survival.  Our  promising  in  vivo  data  have  provided  the  framework  for  development  and 
implementation  of  clinical  trials  for  evaluating  strategies  targeting  HGF/c-MET  for  the  treatment  of  lymphoma  in 
HIV-infected  patients  including  military  personnel. 

4.2.  What  was  the  impact  on  other  disciplines? 
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Figure  4.  The  c-MET  inhibitor  PF-2341066 
suppresses  PEL  progression  in  vivo.  (A-C) 
NOD/SCID  mice  were  injected  i.p.  with  107  BCBL-1 
cells.  Beginning  24  hours  later,  20  mg/kg  PF-2341066 
or  vehicle  (n=10  per  group)  were  administered  i.p., 
once  daily,  5  days  per  week,  for  each  of  2  independent 
experiments.  Weights  were  recorded  weekly.  Images  of 
representative  animals  and  their  spleens,  as  well  as 
ascites  fluid  volumes,  were  collected  at  the  conclusion 
of  experiments  on  day  35.  (D)  Spleens  from 
representative  vehicle-  or  PF-2341066-treated  mice 
were  prepared  for  routine  hematoxylin-and-eosin 
staining. 
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Nothing  to  Report. 

4.3.  What  was  the  impact  on  technology  transfer? 

Nothing  to  Report. 

4.4.  What  was  the  impact  on  society  beyond  science  and  technology? 

Nothing  to  Report. 

5.  CHANGES/PROBLEMS 

Nothing  to  Report. 

6.  PRODUCTS 

6.1.  Journal  publications  (totally  8,  #  as  the  corresponding  author,  all  have  acknowledgement  of  DoD 

federal  support): 

1 .  Dai  L,  Bai  L,  Lin  Z,  Yang  L,  Flemington  EK,  Zabaleta  J,  Qin  Z  #.  Transcriptomic  analysis  of  KSHV-infected 
primary  oral  fibroblasts:  the  role  of  interferon-induced  genes  in  the  latency  of  oncogenic  virus.  Oncotarget, 
2016  May  30.  doi:  10.18632/oncotarget.9720.  [Epub  ahead  of  print],  PMID:  27363016. 

2.  Dai  L,  Qiao  J,  Struckhoff  AP,  Nguyen  D,  Del  Valle  L,  Parsons  C,  Ochoa  AC,  Toole  BP,  Renne  R,  Qin  Z  #. 
Role  of  heme  oxygenase-1  in  the  pathogenesis  and  tumorigenicity  of  Kaposi’s  sarcoma-associated 
herpesvirus.  Oncotarget.  2016;7(9):10459-71.  PMCID:  PMC4891132. 

3.  Qin  Z  #,  Cao  Y,  Dai  L  #.  Genomic  analysis  of  xCT-regulatory  network  in  KSHV+  primary  effusion 
lymphomas.  Genomics  Data.  2016;  8:  16-7.  PMCID:  PMC4818344. 

4.  Dai  L.,  Trillo-Tinoco  J.,  Chen  Y.,  Bonstaff  K.,  Valle  LD.,  Parsons  C.,  Ochoa  AC.,  Zabaleta  J.,  Toole  BP., 
Qin,  Z  #.  CD147  and  downstream  ADAMTSs  promote  the  tumorigenicity  of  Kaposi  sarcoma-associated 
herpesvirus.  Oncotarget,  2016;7(4):3806-18.  PMCID:  PMC4826171. 

5.  Dai  L.,  Trillo-Tinoco  J.,  Cao  Y.,  Bonstaff  K.,  Doyle  L.,  Valle  LD.,  Whitby  D.,  Parsons  C.,  Reiss  K.,  Zabaleta 
J.,  Qin,  Z  #.  Targeting  HGF/c-MET  induces  cell  cycle  arrest,  DNA  damage  and  apoptosis  for  primary 
effusion  lymphoma.  Blood,  2015;126(26):2821-31.  PMCID:  PMC4692142. 

6.  Dai  L.,  Trillo-Tinoco  J.,  Bai  A.,  Chen  Y.,  Bielawski  J.,  Valle  LD.,  Smith  CD.,  Ochoa  AC.,  Qin,  Z  #.,  Parsons 
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ABSTRACT 

The  Kaposi  sarcoma-associated  herpesvirus  (KSHV)  is  the  causative  agent  of 
Kaposi  sarcoma  (KS),  the  most  common  HIV/AIDS-associated  tumor  worldwide. 
Involvement  of  the  oral  cavity  portends  a  poor  prognosis  for  patients  with  KS,  but 
the  mechanisms  for  KSHV  regulation  of  the  oral  tumor  microenvironment  are  largely 
unknown.  Infiltrating  fibroblasts  are  found  within  KS  lesions,  and  KSHV  can  establish 
latent  infection  within  human  primary  fibroblasts  in  vitro  and  in  vivo,  but  contributions 
for  KSHV-infected  fibroblasts  to  the  KS  microenvironment  have  not  been  previously 
characterized.  In  the  present  study,  we  used  Illumina  microarray  to  determine 
global  gene  expression  changes  in  KSHV-infected  primary  human  oral  fibroblasts 
(PDLF  and  HGF).  Among  significantly  altered  candidates,  we  found  that  a  series  of 
interferon-induced  genes  were  strongly  up-regulated  in  these  KSHV-infected  oral  cells. 
Interestingly,  some  of  these  genes  in  particular  ISG1S  and  ISG20  are  required  for 
maintenance  of  virus  latency  through  regulation  of  specific  KSHV  microRNAs.  Our 
data  indicate  that  oral  fibroblasts  may  represent  one  important  host  cellular  defense 
component  against  viral  infection,  as  well  as  acting  as  a  reservoir  for  herpesvirus 
lifelong  infection  in  the  oral  cavity. 

INTRODUCTION 

Kaposi  sarcoma-associated  herpesvirus  (KSHV) 
is  one  of  the  most  common  etiologic  agents  for  cancers 
arising  in  the  setting  of  immune  suppression,  including 
Kaposi  sarcoma  (KS) — the  most  common  HIV/AIDS- 
associated  tumor  worldwide  and  a  leading  cause  of 
morbidity  and  mortality  in  this  population  [1],  Oral 


involvement  occurs  in  a  substantial  proportion  of  patients 
with  KS  [2],  Published  literatures  suggest  that  KSHV 
dissemination  within  and  from  the  oral  cavity  are  critical 
factors  for  KSHV  infection  and  oral  KS  progression 
in  HIV-infected  patients  [3-7].  Person-to-person 
transmission  of  KSHV  is  thought  to  occur  primarily 
through  exchange  of  oropharyngeal  secretions  [3,  4], 
and  epidemiologic  data  indicate  that  sexual  practices 
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involving  contact  with  the  oral  cavity  may  promote  KSHV 
transmission  [5].  Furthermore,  people  have  found  that 
combination  antiretroviral  therapy  (cART)  cannot  reduce 
KSHV  replication  within  the  oropharynx  [3,  5]  or  KSHV 
transmission  [7], 

Oral  KS  lesions  usually  display  higher  KSHV  viral 
loads  and  may  portend  more  ominous  prognoses  relative 
to  KS  in  other  anatomic  locations  [8,  9].  We  recently 
reported  that  KSHV  successfully  established  latent 
infection  in  primary  human  gingival  fibroblasts  (HGF) 
or  periodontal  ligament  fibroblasts  (PDLF)  in  vitro, 
and  virus  de  novo  infection  induced  a  tumor-associated 
fibroblast  (TAF)-like  phenotype  within  these  cells  [10]. 
Others  also  demonstrated  that  fibroblasts  represented  an 
imporant  component  within  KS  lesions  and  supported 
de  novo  KSHV  infection  [11,  12].  In  addition,  we  recently 
reported  that  some  pathogen-associated  molecular  patterns 
(PAMPs)  molecules  from  periodontal  pathogenic  bacteria 
increased  KSHV  entry  and  subsequent  viral  latent  gene 
expression  within  oral  fibroblasts  [13].  Despite  this 
knowledge,  the  global  altered  gene  expression  profile  in 
KSHV-infected  oral  fibroblasts  has  never  been  reported. 
KSHV  needs  to  manipulate  a  number  of  host  genes  to 
facilitate  the  establishment  of  lifelong  latent  infection. 
In  the  current  study,  we  used  Illumina  microarray  to 
assess  the  altered  gene  profile  in  KSHV-infected  PDLF 
and  HGF  relative  to  unifected  mock  cells.  We  found 
that  the  expression  of  various  gene  sets  are  significantly 
changed  in  virus-infected  cells.  In  particular,  KSHV 
de  novo  infection  strongly  up-regulates  a  series  of 
interferon-induced  gene  in  these  oral  cells,  which  are 
closely  related  to  the  maintenancy  of  virus  latency. 

RESULTS  AND  DISCUSSION 

Microarray  analysis  of  the  global  gene 
expression  changes  in  /LST/F-infecterl  primary 
oral  fibroblasts 

We  first  used  the  HumanHT-12  v4  Expression 
BeadChip  (Illumina),  which  contains  more  than  47,000 
probes  derived  from  the  NCBI  RefSeq  Release  38  and 
other  sources,  to  study  global  gene  expression  changes 
altered  within  KSHV-infected  PDLF  or  HGF  cells.  We 
found  that  in  PDLF  cells,  134  genes  were  significantly 
up-regulated  and  80  were  down-regulated  (>  2  fold  and 
p  <  0.05);  in  HGF  cells,  166  genes  were  up-regulated  and 
268  down-regulated  (Figure  1A).  Intersection  analysis 
indicated  that  39  “common”  genes  were  significantly  up- 
regulated  and  3  were  down-regulated  in  both  cell  lines 
(listed  in  Table  1).  We  also  performed  enrichment  analysis 
of  these  “common”  genes  in  both  cell  lines  by  using  the 
Pathway  map,  Gene  Ontology  (GO)  Processes  and  Process 
Networks  modules  from  Metacore  Software  (Thompson 
Reuters)  [14].  Our  analysis  showed  that  most  genes  belong 
to  several  major  cellular  function  categories,  such  as 


cellular  response  to  type  I  interferon  (IFN),  inflammatory 
cytokine  production,  and  other  innate  immune  responses 
(Figure  2A-2B).  The  top  2  scored  pathway  maps  (immune 
response_IFN  a/p  signaling  pathway  and  immune 
response_Thymic  stromal  lymphopoietin  [TSLP]  signaling 
pathway)  for  these  “common”  genes  are  shown  in 
Supplementary  Figure  SI.  Interestingly,  aberrant  TSLP/ 
TSLPR  signaling  has  been  associated  with  a  variety  of 
human  diseases  including  asthma,  atopic  dermatitis, 
inflammatory  bowel  disease,  eosinophilic  esophagitis  and 
acute  lymphoblastic  leukemia  [15],  but  it  has  never  been 
reported  in  KSHV  infection  and/or  related  malignancies. 

/FA-induced  genes  are  highly  up-regulated  in 
AS7/F-infected  primary  oral  fibroblasts 

Among  these  “common”  genes,  we  noticed  that  a 
series  of  IFN-induced  genes  were  strongly  up-regulated 
in  KSHV-infected  primary  oral  fibroblasts  (Table  1). 
We  next  selected  8  IFN-induced  genes  from  Table  1 
for  validation  of  their  transcriptional  changes  by  using 
qRT-PCR  analysis.  Our  results  indicated  that  all  of 
these  genes  {IF  127,  IFI44,  IFIT1,  IFIT2,  MX1,  MX2, 
ISG15  and  ISG20 )  were  significantly  up-regulated  in 
a  manner  comparable  to  those  found  in  the  microarray 
data  (Figure  IB- 1C),  demonstrating  the  credibility  of  our 
microarray  analysis.  Interestingly,  when  compared  to  the 
microarray  data  in  KSHV-infected  primary  endothelial 
cells  (HUVEC)  we  recently  published  [16],  we  found 
that  the  up-regulation  of  IFN-induced  genes  were  much 
stronger  in  KSHV-infected  PDLF/HGF  than  those  in 
KSHV-infected  HUVEC  cells  (Figure  2C).  Production  of 
IFN,  in  particular  type  I  IFN  is  one  of  the  most  important 
host  anti-viral  immune  responses,  which  can  induce  an 
anti-viral  transcriptional  program,  producing  proteins  that 
cooperate  to  inhibit  the  spread  of  infection.  Therefore, 
our  data  indicate  that  oral  fibroblasts  may  represent  an 
important  cellular  resource  for  type  I  IFN  production 
during  KSHV  infection  stimulus  in  the  microenvironment 
of  oral  cavity.  However,  KSHV  has  successfully 
established  the  escape  mechanisms  from  host  immune 
responses,  including  the  type  I  IFN  response.  For  example, 
KSHV  encodes  4  viral  homologs  of  cellular  interferon 
regulatory  factors  (named  as  vIRFl,  -2,  -3,  and  -4) 
with  pleiotropic  functions  such  as  evasion  of  cell  death, 
increased  proliferation  and  evasion  of  immune  responses 
[17].  For  example,  previous  data  have  demonstrated  that 
the  expression  of  vIRF  1  and  vIRF2  can  inhibit  increases 
in  IFN-P  mediated  by  Toll-like  receptor  3  (TLR3)  [18]. 
In  addition  to  their  immunoregulatory  effects,  KSHV- 
encoded  vIRFs  were  also  shown  to  modulate  cell  growth 
by  targeting  the  function  of  the  tumor  suppressor  p53  and 
enhancing  the  activity  of  the  c-Myc  proto-oncogene  [19]. 
While  the  KSHV-encoded  vIRFs  share  an  ability  to  block 
IFN  or  p53  signaling,  each  vIRF  demonstrates  a  unique 
ability  to  block  specific  cellular  functions  [17]. 
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//-TV-induced  genes,  ISG15  and  ISG20,  are 
required  for  maintenance  of  KSHV  latency  in 
oral  fibroblasts 

Like  other  herpesviruses,  KSHV  can  establish  a 
lifelong  infection  in  the  host,  and  in  more  than  90%  of 
infected  host  cells,  the  virus  exists  in  a  latency  stage.  Here 
we  found  that  at  least  2  IFN-induced  genes,  ISG15  and 
ISG20,  are  required  for  maintenance  of  KSHV  latency 
in  oral  fibroblasts.  Our  data  indicated  that  directly 
targeting  ISG15  or  ISG20  by  RNAi  significantly  caused 
viral  lytic  gene  (e.g.  Rta,  vGpcr  and  K8.1)  transcripts 
from  latently-infected  PDLF  with  qRT-PCR  analysis 
(Figure  3A  and  Supplementary  Figure  S2).  We  also 
confirmed  the  strong  up-regulation  of  lytic  K8.1  protein 
expression  in  either  ISG15  or  ISG20  “knock-down” 
KSHV-infected  PDLF  by  using  immunoblots  (Figure  3B). 
Next,  we  isolated  the  KSHV  virions  from  conditioned 
medium  of  ISG15  or  ISG20  “knock-down”  or  control 
cells,  then  infected  fresh  PDLF  cells.  We  found  that 
silencing  of  either  ISG15  or  ISG20  greatly  increased 
the  virion  release  (there  were  more  Lana  transcripts  in 
these  infected  groups  compared  to  controls)  (Figure  3C). 
Interestingly,  one  very  recent  study  also  reported  that 
silencing  of  ISG15  in  KSHV  latently  infected  iSLK.219 
cells  resulted  in  a  higher  level  of  virus  reactivation 
and  an  increase  in  infectious  virus  production  [20]. 
They  also  found  that  KSHV-encoded  vIRFl  protein 
can  inhibit  IFN  activation  in  response  to  viral  infection, 


through  interaction  with  HERC5,  an  ISG15  E3  ligase, 
to  alter  ISG15  modification  of  cellular  proteins  [20]. 
Interestingly,  vIRFl  itself  was  also  a  target  of  ISG15 
conjugation.  KSHV-infected  cells  exhibited  increased 
ISG15  conjugation  upon  reactivation  from  latency  in 
coordination  with  increased  IFN  [20]. 

KSHV  microRNAs  are  involved  in  viral  lytic 
reactivation  caused  by  silencing  of  ISG15  or 
ISG20 

KSHV-microRNAs  (mostly  miR-K12-l,  3,  4,  5, 
7,  9  and  11)  have  been  shown  to  positively  or  negatively 
regulate  viral  latency  in  a  variety  of  infected  host  cells, 
through  either  directly  targeting  the  viral  lytic  reactivation 
activator,  Rta  [21,  22],  or  through  indirect  mechanisms 
including  targeting  host  factors  such  as  IkBcx,  nuclear 
factor  I/B  (NFIB),  Rbl2,  BCLAF1  and  IKKe  [23-27], 
By  using  qRT-PCR  screening  analysis,  we  found  that 
silencing  of  ISG15  prominently  reduced  the  transcripts 
of  miR-K12-l  and  miR-K12-ll,  while  silencing  of 
ISG20  caused  a  significant  reduction  of  miR-K12-l  and 
miR-K12-3  in  PDLF  cells  (Figure  4A-4B).  To  further 
confirm  the  role  of  specific  viral  microRNA  in  ISG15- 
or  /.S’Gdd-mcdiatcd  vims  latency,  we  used  individual 
recombinant  construct  encoding  miR-K12-l  as  described 
previously  [28]  to  restore  its  expressional  level.  We  found 
that  this  overexpression  of  miR-K12-l  significantly 
repressed  KSHV  lytic  gene  expression  for  infected  PDLF 


Figure  1:  Intersection  analysis  and  experimental  validation  of  gene  profile  alterations  in  KSHV-infected  primary  oral 
fibroblast  cells.  (A)  The  HumanHT-12  v4  Expression  BeadChip  (Illumina)  was  used  to  detect  alterations  in  gene  profile  in  PDLF  or  HGF 
cells  infected  by  KSHV  (MOI-10,  vs  respective  mock  cells).  Intersection  analysis  of  significantly  altered  genes  (up/down  >  2  fold  and 
p  <  0.05)  was  performed  using  the  Illumina  GenomeStudio  Software.  (B-C)  The  transcriptional  levels  of  8  selected  ‘common’  candidate 
genes  that  were  up-regulated  in  both  sets  of  microarray  data  were  validated  by  using  qRT-PCR.  Error  bars  represent  the  S.E.M.  for  3 
independent  experiments.  **  =p  <  0.01  (vs  PDLF  or  HGF). 


www.impactjournals.com/oncotarget 


3 


Oncotarget 


Table  1:  The  “common”  genes  set  altered  within  KSHV-infected  HGF  and  PDLF  cells  (vs  mock  cells) 
Gene  Symbol  Gene  Description  PDLF  (folds)  HGF  (folds) 


IFI27 

Interferon  alpha-inducible  protein  27,  mitochondrial 

57.85 

6.07 

RSAD2 

Radical  S-adenosyl  methionine  domain-containing  protein  2 

43.99 

4.48 

MX1 

Interferon-induced  GTP-binding  protein  Mxl 

36.48 

15.76 

MX2 

Interferon-induced  GTP-binding  protein  Mx2 

36.48 

3.26 

IFIT2 

Interferon-induced  protein  with  tetratricopeptide  repeats  2 

28.42 

12.6 

ISG15 

Ubiquitin-like  protein  ISG15 

23.67 

7.46 

IFIT1 

Interferon-induced  protein  with  tetratricopeptide  repeats  1 

19.65 

11.95 

IFITM1 

Interferon-induced  transmembrane  protein  1 

16.44 

3.16 

HERC6 

Probable  E3  ubiquitin-protein  ligase  HERC6 

14.97 

4.47 

IFIT3 

Interferon-induced  protein  with  tetratricopeptide  repeats  3 

14.77 

3.84 

ISG20 

Interferon-stimulated  gene  20  kDa  protein 

12.03 

3.38 

IFI6 

Interferon  alpha-inducible  protein  6 

9.5 

4.89 

IFI44 

Interferon-induced  protein  44 

9.13 

9.24 

SAMD9 

Sterile  alpha  motif  domain-containing  protein  9 

8.07 

3.16 

EPSTI1 

Epithelial-stromal  interaction  protein  1 

7.02 

3.53 

RARRES3 

Retinoic  acid  receptor  responder  protein  3 

5.71 

2.19 

IFI35 

Interferon-induced  35  kDa  protein 

5.64 

2.35 

XAF1 

XIAP-associated  factor  1 

5.32 

2.22 

DDX58 

Probable  ATP-dependent  RNA  helicase  DDX58 

4.85 

2.19 

SAMD9L 

Sterile  alpha  motif  domain-containing  protein  9-like 

4.7 

3.08 

STAT1 

Signal  transducer  and  activator  of  transcription  1-alpha/beta 

4.6 

2.29 

PARP12 

Poly  [ADP-ribose]  polymerase  12 

4.38 

2.06 

DDX60 

Probable  ATP-dependent  RNA  helicase  DDX60 

4.04 

2.25 

MYPN 

Myopalladin 

3.26 

2.3 

IL12A 

Interleukin- 12  subunit  alpha 

3.03 

5.81 

PSG7 

Putative  pregnancy-specific  beta- 1 -glycoprotein  7 

3.02 

4.46 

C0L4A1 

Collagen  alpha-l(IV)  chain 

2.72 

2.56 

PSG1 

Pregnancy-specific  beta- 1 -glycoprotein  1 

2.67 

4.46 

PSG2 

Pregnancy-specific  beta- 1 -glycoprotein  2 

2.67 

6.05 

AN03 

Anoctamin-3 

2.54 

6.2 

IL7R 

Interleukin- 7  receptor  subunit  alpha 

2.48 

6.46 

NR2C1 

Nuclear  receptor  subfamily  2  group  C  member  1 

2.39 

6.34 

PSG4 

Pregnancy-specific  beta- 1 -glycoprotein  4 

2.39 

6.34 

GBP2 

Interferon-induced  guanylate-binding  protein  2 

2.38 

2.44 

KRTAP1-1 

Keratin-associated  protein  1-1 

2.24 

2.48 

VEGFC 

Vascular  endothelial  growth  factor  C 

2.23 

3.04 
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MT1M 

Metallothionein- 1 M 

2.21 

2.05 

KRT34 

Keratin,  type  I  cuticular  Ha4 

2.1 

9.24 

PSME2 

Proteasome  activator  complex  subunit  2 

2.02 

2.19 

RCAN2 

Calcipressin-2 

0.47 

0.41 

CEMIP 

Cell  migration-inducing  and  hyaluronan-binding  protein 

0.4 

0.07 

ATP8B4 

Probable  phospholipid-transporting  ATPase  IM 

0.38 

0.25 

cells  during  “knock-down”  ISG15  or  ISG20  with  RNAi 
(Figure  4C).  Published  data  have  shown  that  miR-K12-l 
can  targets  1kB(x,  an  inhibitor  of  NF-kB  complexes, 
thereby  promoting  NF-kB -dependent  viral  latency  and  cell 
survival  [23].  Our  recent  data  also  demonstrate  that  the 
NF-kB  pathway  is  important  to  KSHV-positive  lymphoma 
cell  survival  and  viral  latency  [29].  Therefore,  ongoing 


work  will  try  to  understand  the  involvement  of  NF-kB 
pathway  in  either  ISG15-  o r  /.$' G'2 0 - m e d i  a t e d  viais  latency 
for  oral  cells. 

In  summary,  we  provide  for  the  first  time  global 
gene  expression  profile  alterations  in  KSHV-infected  oral 
fibroblasts  by  microarray  analysis.  Among  the  altered 
candidates,  many  interferon-induced  genes  are  strongly  up- 
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Figure  2:  The  enrichment  analysis  of  gene  profile  alterations  in  KSHV-infected  primary  oral  fibroblast  cells.  (A-B)  The 

enrichment  analysis  of  gene  profile  significantly  altered  (up/down  >  2  fold  and  p  <  0.05)  in  KSHV-infected  PDLF  or  HGF  cells  (vs  mock 
cells)  was  performed  using  the  Metacore  Software  (Thompson  Reuters)  Modules:  Gene  Ontology  Processes  (A)  and  Process  Networks  (B). 
(C)  Heat  map  of  interferon-induced  genes  signature  altered  in  KSHV-infected  PDLF,  HGF  and  HUVEC  cells  (vs  respective  mock  cells) 
was  made  by  using  Microsoft  Excel  2010. 
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Figure  3:  Targeting  ISG15  and/or  ISG20  induces  KSHV  lytic  reactivation  from  infected  primary  oral  fibroblast 
cells.  (A-B)  PDLF  were  first  incubated  with  purified  KSHV  (MOI-IO)  for  2  h,  then  after  24  h  p.i.  transfected  with  either  control 
non-target  (n-siRNA),  ZSG/5-siRNA  or  /SG20-siRNA  for  additional  48  h.  Viral  representative  latent  (Land)  and  lytic  gene 
(Rta,  vGpcr,  K8.1)  transcripts  were  quantified  using  qRT-PCR.  Protein  expression  was  measured  by  immunoblots.  (C)  Released  virions 
was  isolated  and  purified  from  supernatant  from  groups  in  (A),  then  used  to  infect  fresh  PDLF  cells.  After  24  h  p.i.,  Lana  transcripts 
were  quantified  using  qRT-PCR.  Error  bars  represent  the  S.E.M  for  three  independent  experiments.  *  =  p  <  0.05,  **  =  p  <  0.01 
(vs  n-siRNA  group). 


Figure  4:  Targeting  ISG15  and/or  ISG20  induces  KSHV  lytic  gene  expression  through  suppression  of  KSHV 
microRNAs.  (A-B)  PDLF  were  first  incubated  with  purified  KSHV  (MOI-IO)  for  2  h,  then  after  24  h  p.i.  transfected  with  either 
control  non-target  (n-siRNA),  ISG15- siRNA  or  LSG20-siRNA  for  additional  48  h.  KSHV  microRNA  transcripts  were  quantified  using 
qRT-PCR  as  described  in  Methods.  (C)  PDLF  were  incubated  with  purified  KSHV  for  2  h,  then  transfected  with  control  vector  (pc), 
or  vectors  encoding  miR-K12-l  (pcmiR-K12-l)  for  additional  24  h.  Thereafter,  cells  were  transfected  with  either  control  non-target 
(n-siRNA),  ZSG/5-siRNA  or  /SG20-siRNA  for  additional  48  h.  Viral  representative  latent  (Lana)  and  lytic  gene  (Rta,  vGpcr,  K8.1) 
transcripts  were  quantified  using  qRT-PCR.  Error  bars  represent  the  S.E.M  for  three  independent  experiments.  */#  =p  <  0.05,  **=/><  0.01 
(vs/SG/5-siRNA+pc  or  ZSG20-siRNA+pc  groups,  respectively). 
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regulated  in  these  oral  cells,  while  some  of  them  such  as 
ISG15  and  ISG20  are  required  for  the  maintenance  of  virus 
latency.  Our  data  indicate  that  oral  fibroblasts  may  represent 
one  of  the  important  host  cellular  defense  components  for 
anti-viral  infection,  as  well  as  acting  as  a  reservoir  for 
herpesvirus  lifelong  infection  in  the  oral  cavity. 

MATERIALS  AND  METHODS 

Cell  culture,  reagents  and  infection  protocol 

Body  cavity-based  lymphoma  cells  (BCBL-1, 
KSHVVEBV  )  were  maintained  in  RPMI  1640  medium 
(Gibco)  with  supplements  as  described  previously  [29]. 
Primary  human  gingival  fibroblasts  (HGF)  and  periodontal 
ligament  fibroblasts  (PDLF)  were  purchased  from 
ScienCell.  These  cells  were  maintained  in  Dulbecco’s 
modified  Eagle’s  medium  (DMEM,  Mediatech) 
supplemented  with  10%  FBS,  10  mM  HEPES  (pH  7.5), 
100  U/mL  of  penicillin,  100  ug/mL  streptomycin,  and 
0.25  pg/mL  amphotericin  B.  All  cells  were  incubated  at 
37°C  in  5%  COr  All  experiments  were  carried  out  using 
cells  harvested  at  low  (<  20)  passages.  To  obtain  KSHV 
for  infection  experiments,  BCBL- 1  cells  were  incubated 
with  0.6  mM  valproic  acid  for  6  days,  and  purified  virus 
was  concentrated  from  culture  supernatants  and  infectious 
titers  were  determined  as  described  previously  [28]. 

Microarray 

Total  RNA  was  isolated  using  Qiagen  RNeasy  kit 
(Qiagen),  and  500  ng  of  total  RNA  was  used  to  synthesize 
dscDNA.  Biotin-labeled  RNA  was  generated  using  the 
TargetAmp-Nano  Labeling  Kit  for  Illumina  Expression 
BeadChip  (Epicentre),  according  to  the  manufacturers’ 
instructions,  and  hybridized  to  the  HumanHT-12  v4 
Expression  BeadChip  (Illumina),  which  contains  more 
than  47,000  probes  derived  from  the  NCBI  RefSeq 
Release  38  and  other  sources,  at  58°C  for  16  h.  The  chip 
was  washed,  stained  with  streptavadin-Cy3,  and  scanned 
with  the  Illumina  BeadStation  500  and  BeadScan.  Using 
the  Illumina’s  GenomeStudio  software,  we  normalized 
the  signals  using  the  “cubic  spline  algorithm”  that 
assumes  that  the  distribution  of  transcript  abundance  is 
similar  in  all  samples,  according  to  the  method  proposed 
by  Workman  et  al.  [30].  The  background  signal  was 
removed  using  the  “detection  p-value  algorithm”  to 
remove  targets  with  signal  intensities  equal  or  lower 
than  that  of  irrelevant  probes  (with  no  known  targets  in 
the  human  genome  but  thermodynamically  similar  to  the 
relevant  probes).  Common  and  unique  sets  of  genes  and 
enrichment  analysis  were  performed  using  the  MetaCore 
Software  (Thompson  Reuters)  as  previously  reported  [14]. 
The  microarray  original  data  have  been  submitted  to  Gene 
Expression  Omnibus  (GEO)  database  (Accession  number: 
GSE79548). 


RNA  interference  and  plasmid  transfection 

ISG15  and  ISG20  ON-TARGET  plus  SMART 
pool  siRNA,  or  negative  control  siRNA  (n-siRNA) 
(Dharmacon),  were  delivered  using  the  DharmaFECT 
transfection  reagent  according  to  the  manufacturer’s 
instructions.  For  plasmid  transfection,  PDLF  were 
transfected  in  12-well  plates  with  miR-K12-l  recombinant 
construct  or  control  vector  as  previously  described  [28] 
by  using  Lipofectamine  3000  (Invitrogen)  for  48  h. 
Transfection  efficiency  was  normalized  through  co¬ 
transfection  of  a  lacZ  reporter  construct  and  determination 
of  P-galactosidase  activity  using  a  commercial 
P-galactosidase  enzyme  assay  system  according  to  the 
manufacturer’s  instructions  (Promega). 

Immunoblotting 

Total  cell  lysates  (20  pg)  were  resolved  by  10% 
SDS-PAGE,  transferred  to  nitrocellulose  membranes,  and 
immunoblotted  with  antibodies  for  K8. 1  (ABI)  and  P-Actin 
(Sigma)  for  loading  controls.  Immunoreactive  bands  were 
identified  using  an  enhanced  chemiluminescence  reaction 
(Perkin-Elmer),  visualized  by  autoradiography  and 
quantitated  using  Image-J  software. 

qRT-PCR 

Total  RNA  was  isolated  using  the  RNeasy  Mini  kit 
(QIAGEN),  and  cDNA  was  synthesized  from  equivalent 
total  RNA  using  a  Superscript  III  First-Strand  Synthesis 
SuperMix  Kit  (Invitrogen)  according  to  the  manufacturer’s 
instructions.  Primers  used  for  amplification  of  target  genes 
are  displayed  in  Supplementary  Table  S 1 .  Amplification 
was  carried  out  using  an  iCycler  IQ  Real-Time  PCR 
Detection  System,  and  cycle  threshold  (Ct)  values  were 
tabulated  in  duplicate  for  each  gene  of  interest  in  each 
experiment.  “No  template”  (water)  controls  were  used  to 
ensure  minimal  background  contamination.  Using  mean 
Ct  values  tabulated  for  each  gene,  and  paired  Ct  values  for 
P-actin  as  a  loading  control,  fold  changes  for  experimental 
groups  relative  to  assigned  controls  were  calculated  using 
automated  iQ5  2.0  software  (Bio-rad).  For  amplification 
of  viral  miRNAs,  cDNA  was  synthesized  using  the 
Taqman  miRNART  kit  (Applied  Biosystems),  and  qPCR 
was  performed  using  the  Taqman  MicroRNA  Assays 
kit  (Applied  Biosystems)  and  a  7500  Real  Time  PCR 
System.  Fold  changes  for  microRNA  were  calculated 
using  paired  Ct  values  for  RNU6B  as  recommended  by 
the  manufacturer  (Applied  Biosystems). 

Statistical  analysis 

Significance  for  differences  between  experimental 
and  control  groups  was  determined  using  the  two-tailed 
Student’s  /-test  (Microsoft  Excel  2010),  and  p  values  <  0.05 
or  <0.01  were  considered  significant  or  highly  significant. 
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ABSTRACT 

Kaposi's  Sarcoma-associated  Herpesvirus  (KSHV)  is  the  etiologic  agent  of 
several  malignancies,  including  Kaposi's  Sarcoma  (KS),  which  preferentially  arise 
in  immunocompromised  patients  such  as  HIV+  subpopulation  and  lack  effective 
therapeutic  options.  Heme  oxygenase-1  (HO-1)  has  been  reported  as  an  important 
regulator  of  endothelial  cell  cycle  control,  proliferation  and  angiogenesis.  HO-1  has 
also  been  found  to  be  highly  expressed  in  KSHV-infected  endothelial  cells  and  oral 
A1DS-KS  lesions.  We  previously  demonstrate  that  the  multifunctional  glycoprotein 
CD147  is  required  for  KSHV/LANA-induced  endothelial  cell  invasiveness.  During  the 
identification  of  CD147  controlled  downstream  genes  by  microarray  analysis,  we  found 
that  the  expression  of  HO-1  is  significantly  elevated  in  both  CD147-overexpressing 
and  KSHV-infected  HUVEC  cells  when  compared  to  control  cells.  In  the  current  study, 
we  further  identify  the  regulation  of  HO-1  expression  and  mediated  cellular  functions 
by  both  CD147  and  KSHV-encoded  LANA  proteins.  Targeting  HO-1  by  either  RNAi 
or  the  chemical  inhibitor,  SnPP,  effectively  induces  cell  death  of  KSHV-infected 
endothelial  cells  (the  major  cellular  components  of  KS)  through  DNA  damage  and 
necrosis  process.  By  using  a  KS-like  nude  mouse  model,  we  found  that  SnPP  treatment 
significantly  suppressed  KSHV-induced  tumorigenesis  in  vivo.  Taken  together,  our 
data  demonstrate  the  important  role  of  HO-1  in  the  pathogenesis  and  tumorigenesis 
of  KSHV-infected  endothelial  cells,  the  underlying  regulatory  mechanisms  for  HO-1 
expression  and  targeting  HO-1  may  represent  a  promising  therapeutic  strategy 
against  KSHV-related  malignancies. 
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INTRODUCTION 

Kaposi  sarcoma-associated  herpesvirus  (KSHV) 
represents  a  principal  causative  agent  of  cancers  arising 
in  immunocompromised  patients,  such  as  Kaposi’s 
Sarcoma  (KS)  [1].  In  some  Acquired  Immunodeficiency 
Syndrome  (AIDS)  pandemic  counties  of  Africa,  KS  has 
become  one  of  the  commonest  cancers  affecting  men 
and  children  with  significant  morbidity  and  mortality 
[2-5].  Although  the  incidence  of  AIDS-associated  KS 
(AIDS-KS)  in  the  Western  world  has  declined  since  the 
widespread  implementation  of  combined  antiretroviral 
treatment  (cART),  up  to  50%  of  patients  with  AIDS- 
KS  never  achieve  total  remission  [6].  In  addition,  the 
issues  of  KS  in  the  context  of  immune  reconstitution 
inflammatory  syndrome  (IRIS)  and  its  impact  on  cART 
rollout  initiatives  have  become  increasingly  apparent 
recently  [7-9].  Furthermore,  although  treatments  for  KS 
exist,  none  is  curative,  which  requires  better  understanding 
the  mechanisms  for  viral  pathogenesis  and  tumorigenesis 
and  developing  more  effective  therapeutic  strategies. 

Heme  oxygenases  (HOs)  are  responsible  for  the 
oxidative  cleavage  of  the  heme  ring,  the  rate-limiting 
step  in  heme  catabolism  [10].  Enzymatic  degradation 
of  heme  releases  carbon  monoxide  (CO),  free  iron,  and 
biliverdin,  which  is  subsequently  converted  to  bilirubin  by 
biliverdin  reductase  [10].  So  far,  3  mammalian  iso  forms 
of  HO  have  been  identified:  the  stress-inducible  HO-1 
and  the  constitutive  HO-2  and  HO-3.  Among  them, 
HO-1  is  strongly  and  rapidly  up-regulated  by  noxious 
stimuli  leading  to  oxidative  stress  such  as  transitional 
metals,  glutathione-depleting  agents  and  heat  shock 
[11],  HO-1  has  been  recently  defined  as  an  important 
regulator  of  endothelial  cell  cycle  control,  proliferation, 
vascular  endothelial  growth  factor  (VEGF)  secretion, 
and  angiogenesis  [12].  Interestingly,  a  recent  study  has 
shown  the  elevated  HO-1  expression  and  activity  in 
KSHV-infected  endothelial  cells  as  well  as  oral  AIDS-KS 
lesions  [13].  Another  study  has  shown  that  targeting  HO-1 
by  shRNA  and  chemical  inhibitor,  tin  protoporphyrin  IX 
(SnPP),  can  impair  KSHV-encoded  G  protein-coupled 
receptor  (vGPCR)-induced  survival,  proliferation, 
transformation  and  tumor  growth  [14].  However,  the 
vGPCR  ectopic  expressed  cells  cannot  completely 
represent  whole  virus  infection  situation  either  in  vitro 
or  in  vivo.  During  KSHV  de  novo  infection,  only  a  small 
proportion  of  infected  cells  expressing  vGPCR,  since  it 
is  a  lytic  protein  while  most  cells  are  in  latency.  Another 
remaining  question  is  that  the  mechanisms  for  KSHV 
activation  of  HO-1  through  either  viral  proteins  or  host 
factors  still  remain  largely  unknown. 

The  multifunctional  transmembrane  protein, 
CD147,  also  known  as  Emmprin  or  Basigin,  induces 
the  expression  and  secretion  of  multiple  matrix 
metalloproteinases  (MMPs),  thereby  promoting  tumor 
cell  invasion  and  other  malignant  behaviors  [15,  16].  We 


recently  reported  that  enhancement  of  invasiveness  in 
primary  endothelial  cells  (the  major  cellular  components 
of  KS),  following  de  novo  KSHV  infection,  results  from 
upregulation  of  CD  147  by  the  KSHV-encoded  latency- 
associated  nuclear  antigen  (LANA)  protein  [17].  Our 
recent  microarray  data  indicate  that  as  one  of  CD  147 
potentially  controlled  downstream  candidates,  the 
transcription  of  HO-1  gene  is  significantly  elevated  in 
both  CD147-overexpressing  and  KSHV-infected  human 
umbilical  vein  endothelial  cells  (HUVEC)  (25.8  and  2.31 
folds,  respectively)  [18].  Therefore,  in  the  current  study 
we  will  continue  to  experimentally  validate  the  regulation 
of  HO-1  by  CD  147  and  viral  latent  protein,  investigate 
the  role  of  HO-1  in  KSHV-infected  endothelial  cell 
pathogenesis  and  tumorigenesis,  and  determine  the  anti¬ 
cancer  effects  of  a  HO-1  selective  inhibitor  by  using  an 
established  KS-like  xenograft  model. 

RESULTS 

KSHV  infection  upregulates  HO-1  expression 
through  CD147  in  vitro  and  in  vivo 

We  first  used  qRT-PCR  to  validate  the  microarray 
data  as  mentioned  above.  Our  results  indicated  that 
the  transcriptional  level  of  HO-1  was  increased  ~25 
and  ~4.5  folds  in  CD  147-overexpressing  and  KSHV- 
infected  HUVEC,  respectively  (Figure  1A).  Moreover, 
the  expression  of  HO-1  protein  was  also  significantly 
upregulated  in  CD147-overexpressing  and  KSHV- 
infected  HUVEC,  when  compared  to  the  controls  (Figure 

IB) .  We  next  compared  the  expression  of  CD  147  and 
HO-1  between  KSHV  long-term-infected  telomerase- 
immortalized  human  umbilical  vein  endothelial  (TIVE- 
LTC)  and  non-infected  parental  TIVE  cells  [19].  We  found 
that  the  expressional  levels  of  CD  147  and  HO-1  were 
much  higher  in  TIVE-LTC  than  in  TIVE  cells  (Figure 

IC) .  Silencing  of  CD147  by  RNAi  greatly  reduced  HO-1 
expression  in  TIVE-LTC  and  KSHV-infected  HUVEC 
(Figure  ID  and  SI).  Furthermore,  we  found  significantly 
elevated  expression  of  CD  147  and  HO-1  within  KS 
tumor  tissues  isolated  from  3  cohort  HIV+  patients  when 
compared  to  adjacent  normal  area  (Figure  IE).  Taken 
together,  our  data  demonstrate  that  KSHV  upregulates 
HO-1  expression  through  CD  147  in  endothelial  cells,  and 
the  high  co-expression  of  these  2  proteins  in  AIDS-KS 
tissues  indicating  their  importance  to  tumor  development. 

Inhibition  of  HO-1  inducing  KSHV-infected 
endothelial  cell  death  is  independent  of  apoptosis 

We  next  tested  the  effects  of  the  HO-1  selective 
inhibitor,  SnPP,  on  KSHV-infected  endothelial  cell 
growth/survival.  We  first  confirmed  the  inhibition  of  HO-1 
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enzymatic  activities  from  TIVE-LTC  by  SnPP  treatment 
(Figure  S2),  using  a  biochemical  assay  [13,  20].  By 
using  the  WST-1  assays,  we  found  that  SnPP  treatment 
reduced  TIVE-LTC  proliferation  in  a  dose-dependent 
manner,  whereas  it  only  slightly  reduced  non-infected 
TIVE  proliferation  especially  at  the  highest  concentration 
(50  pM)  (Figure  2A).  Additionally,  flow  cytometry  data 
confirmed  that  SnPP  treatment  significantly  induced  TIVE- 
LTC  cell  death  (PI+)  in  a  dose-dependent  manner,  whereas 
it  only  affected  a  small  percentage  of  non-infected  TIVE 
cells  at  the  highest  concentration  (50  pM)  (Figure  2B-2C). 
Interestingly,  we  did  not  detect  any  Annexin  V+  cells  at 
the  time  of  collecting  samples  (Figure  2C).  To  determine 
whether  this  kind  of  cell  death  is  really  independent  of 
apoptosis  or  is  converted  from  early  apoptotic  cells,  we 
collected  SnPP-treated  TIVE-LTC  at  early  time  points  (10- 


120  min)  and  performed  a  similar  flow  cytometry  analysis. 
Our  time-course  results  indicated  that  SnPP  gradually 
induced  TIVE-LTC  cell  death  which  is  indeed  independent 
of  apoptosis  (no  Annexin  V+  cells  were  detected  at  any 
time-point  during  the  period)  (Figure  2D-2E).  To  further 
support  the  flow  cytometry  results,  we  also  detected  the 
expression  of  apoptosis  markers  including  cleaved-caspase 
3  and  9  [21]  in  these  samples  and  found  no  detectable 
cleaved-caspases  expression  in  SnPP-treated  cells  (data 
not  shown).  Also,  the  pan-caspase  inhibitor  Z-VAD-FMK 
[22]  pretreatment  cannot  prevent  SnPP-induced  cell  death 
in  TIVE-LTC  (Figure  2F).  To  exclude  the  off-target  effects 
of  SnPP  causing  cell  death,  we  knocked  down  HO- 1  by 
RNAi  and  found  that  it  also  induced  significant  TIVE-LTC 
cell  death  while  minimally  affecting  TIVE  cell  viability 
(Figure  S3). 
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Figure  1:  KSHV  infection  upregulates  HO-1  expression  through  CD147  in  vitro  and  in  vivo.  A.-B.  HUVEC  were  transduced 
using  a  recombinant  human  CD  147-encoding  adenovirus  (AdV-CD147),  or  control  adenovirus  (AdV)  for  48  h,  or  infected  by  purified 
KSHV  (MOI  ~  10)  for  48  h.  Gene  transcription  and  protein  expression  were  measured  by  qRT-PCR  and  immunoblots,  respectively.  Error 
bars  represent  the  S.E.M.  for  3  independent  experiments.  **  =  p  <  0.01.  C.-D.  Protein  expression  within  KSHV  stably  infected  TIVE- 
LTC  and  non-infected  parental  TIVE  was  compared  by  immunoblots.  Some  TIVE-LTC  were  transfected  with  negative  control  siRNA 
(n-siRNA)  or  CZX/47-siRNA  for  48  h,  prior  to  immunoblots.  E.  The  expression  of  CD  147  and  HO-1  within  KS  tumor  tissues  from  3  cohort 
HIV-infected  patients  was  detected  by  immunohistochemistry  (400x  magnification).  Red  arrows  indicate  the  KS  tumor  area  and  black 
arrows  indicate  the  adjacent  normal  area  from  the  same  patient. 
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Figure  2:  Targeting  HO-1  by  SnPP  inducing  KSHV-infected  endothelial  cell  death  is  independent  of  apoptosis.  A.  TIVE- 
LTC  and  TIVE  were  incubated  with  indicated  concentrations  of  SnPP  for  48  h,  then  cell  proliferation  was  measured  by  the  WST-1  assays 
as  described  in  the  Methods.  B.-C.  TIVE-LTC  and  TIVE  were  incubated  with  vehicle  or  indicated  concentrations  of  SnPP  for  24  h,  then 
cell  viability  and  apoptosis  were  measured  by  Annexin  V-PI  staining  and  flow  cytometry  analysis.  TIVE-LTC  were  shown  as  an  example 
for  cell  subpopulation  diagram  in  panel  C.  D.-E.  TIVE-LTC  were  incubated  with  vehicle  or  25  pM  of  SnPP  for  indicated  time,  then  cell 
viability  and  apoptosis  were  measured  as  above.  F.  TIVE-LTC  were  incubated  with  or  without  the  pan-caspase  inhibitor  Z-VAD-FMK 
(ZVAD,  25  pM)  for  2  h,  followed  by  vehicle  or  25  pM  of  SnPP  treatment  for  another  2  h.  Error  bars  represent  the  S.E.M.  for  3  independent 
experiments.  *  =p<  0.05,  **  p  <  0.01. 
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Targeting  HO-1  by  SnPP  causes  DNA  damage  and 
necrosis  in  KSHV-infected  endothelial  cells 

To  further  understand  how  SnPP  causes  cell  death  of 
TIVE-LTC,  we  analyzed  the  expression  of  DNA  damage 
and  necrosis  markers.  SnPP  treatment  greatly  increased  the 
expression  of  DNA  damage  marker,  phosphor-H2A.X  as 
well  as  two  necrosis  makers,  Cyclophilin-A  and  HMGB 1 
[23]  in  TIVE-LTC  as  demonstrated  by  immunoblots 
analysis  (Figure  3A).  In  comparison,  we  found  no  change 
of  autophagy  marker,  LC3  [24],  in  SnPP-treated  TIVE- 
LTC  when  compared  to  vehicle-treated  controls  (data  not 
shown),  indicating  SnPP-caused  cell  death  is  not  through 
autophagy.  Immunofluorescence  analysis  confirmed  the 
apparent  upregulation  ofphosphor-H2A.X,  Cyclophilin-A 
and  HMGB1  in  SnPP-treated  TIVE-LTC  (Figure  3B  and 
S4).  SnPP  caused  DNA  damage  was  further  demonstrated 
by  CometAssay  (the  obvious  comet  tail  moment  in  SnPP- 
treated  TIVE-LTC  when  compared  to  vehicle-treated  cells 
as  shown  in  Figure  3C). 

Low  doses  of  SnPP  impair  TIVE-LTC  invasiveness 
and  anchorage-independent  growth 

Pro-angiogenic  cytokines  such  as  VEGF,  are 
secreted  by  KSHV-infected  cells,  and  their  presence 
within  KS  lesions  and  the  peripheral  circulation  of  KS 
patients  is  thought  to  facilitate  KSHV-associated  cellular 
pathogenesis  and  angiogenesis  [25,  26].  Moreover, 
acquisition  of  a  migratory  or  invasive  phenotype  represents 
one  hallmark  of  KSHV-infected  endothelial  cells,  with 
implications  for  both  viral  dissemination  and  angiogenesis 
within  KS  lesions  [27].  Here  we  found  that  low  doses  of 
SnPP  (0. 5-1.0  pM)  effectively  reduced  VEGF  production 


as  well  as  VEGF  receptor  gene  transcription  in  particular 
VEGFR1  in  TIVE-LTC  (Figure  4A-4B).  Furthermore,  we 
found  that  low  doses  of  SnPP  significantly  impaired  TIVE- 
LTC  invasiveness  and  anchorage-independent  growth,  by 
using  transwell  and  soft  agar  assays,  respectively  (Figure 
4C-4D). 

KSHV-encoded  LANA  protein  is  responsible  for 
upregulation  of  HO-1  expression 

We  next  aimed  to  determine  which  viral  proteins 
are  potentially  responsible  for  upregulation  of  HO- 1  in 
endothelial  cells.  We  previously  reported  that  KSHV- 
encoded  latency-associated  nuclear  antigen  (LANA)  alone 
was  sufficient  to  induce  CD  147  expression  in  HUVEC 
[17,  28].  The  LANA  protein  sequence  can  be  divided 
into  three  functional  domains:  a  conserved  proline-  and 
serine-rich  N-terminal  region  (domain  A),  a  central  region 
composed  of  several  acidic  repeats  (domain  B),  and  a 
conserved  C-terminal  domain  containing  a  proline-rich 
region  and  a  region  rich  in  charged  and  hydrophobic 
amino  acids  (domain  C)  [29].  Both  N-  and  C-  terminal 
domains  contain  a  nuclear  localization  sequence  (NLS, 
Figure  5A).  By  using  a  variety  of  LANA  deletion  fragment 
and  full-length  constructs,  we  found  that  LANA  domain  A 
(LANA- A)  was  sufficient  for  the  upregulation  of  CD  147 
and  HO-1  expression  as  full-length  LANA  did  in  HUVEC 
(Figure  5B).  We  also  found  that  silencing  of  CD  147  by 
RNAi  significantly  reduced  the  expression  of  HO-1  in 
LANA-transfected  HUVEC  (Figure  S5).  Furthermore, 
ectopic  expression  of  LANA  in  HUVEC  increased  VEGF 
production  and  cell  invasion,  whereas  which  can  be 
significantly  blocked  by  silencing  of  HO- 1  with  specific 
siRNA  (Figure  5C-5E). 
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Figure  3:  SnPP  treatment  causes  DNA  damage  and  necrosis  for  KSHV-infected  endothelial  cells.  A.  TIVE-LTC  were 
incubated  with  vehicle  or  indicated  concentrations  of  SnPP  for  24  h,  then  protein  expression  were  measured  by  immunoblots.  B.- 
C.  TIVE-LTC  were  incubated  with  vehicle  or  50  pM  of  SnPP  for  24  h,  then  protein  expression  and  DNA  damage  were  measured  by 
immunofluorescence  and  CometAssay,  respectively.  Error  bars  represent  the  S.E.M.  for  2  independent  experiments.  **  =p  <  0.01. 
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SnPP  treatment  effectively  suppresses  TIVE-LTC 
tumorigenesis  in  vivo 

By  using  an  established  KS-like  nude  mouse  model 
with  TIVE-LTC  [18,  19],  we  tested  the  effects  of  SnPP  on 


TIVE-LTC  tumorigenesis  in  vivo.  We  injected  TIVE-LTC 
(5  x  105  cells  1:1  with  growth  factor-depleted  Matrigel) 
subcutaneously  into  the  right  and  left  flanks  of  nude  mice 
(3  mice  per  group),  respectively.  When  tumors  reached 
10-15  mm  in  diameter  (~1.5weeks),  mice  received  in  situ 
subcutaneous  injection  with  either  vehicle  or  SnPP  (10 
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Figure  4:  Low  doses  of  SnPP  impair  TIVE-LTC  invasiveness  and  anchorage-independent  growth.  A.-B.  TIVE-LTC  were 
incubated  with  low  doses  of  SnPP  for  24  h,  then  the  concentrations  of  VEGF  in  culture  supernatants  were  detennined  using  ELISA.  Gene 
transcription  was  measured  by  qRT-PCR.  C.-D.  Cells  were  treated  as  above,  then  cell  invasion  and  anchorage-independent  growth  abilities 
were  measured  by  using  the  transwell  and  soft  agar  assays  as  described  in  the  Methods.  Error  bars  represent  the  S.E.M.  for  3  independent 
experiments.  *  =p  <  0.05,  **  p  <0.01. 


www.impactjournals.com/oncotarget 


6 


Oncotarget 


(.imol/kg  of  body  weight),  5  days/week.  The  mice  were 
observed  every  2~3  d  and  palpable  tumors  were  measured 
for  additional  2  weeks.  Our  results  indicated  that  SnPP 
treatment  significantly  repressed  tumor  growth  in  mice 
while  vehicle  had  no  effect  (Figure  6A).  SnPP  treated 
mice  formed  significantly  smaller  tumors  when  compared 
to  vehicle  treated  group  after  2-week  treatment  (Figure 
6B).  Immunohistochemistry  analysis  results  indicated 
the  increased  expression  of  phosphor-H2A.X  and 
Cyclophilin-A,  while  the  reduced  expression  of  LANA 
and  cellular  proliferation  indicator  Ki67  in  tumor  tissues 
isolated  from  representative  SnPP-treated  mice  when 
compared  to  those  from  vehicle-treated  mice  (Figure  6C). 


DISCUSSION 

In  the  current  study,  we  identify  for  the  first  time 
the  upregulation  of  HO- 1  expression  by  either  host  CD- 
147  or  viral  LANA  proteins  within  endothelial  cells. 
Ongoing  work  focuses  on  identifying  the  mechanisms  for 
upregulation  of  HO-1  by  CD  147  either  directly  (CD  147 
binding  to  HO- 1  promoter  region),  or  indirectly  through 
other  cellular  transcriptional  factors  (e.g.  CREB  and  Nrf2) 
and/or  signaling  pathway  (e.g.  MEK/ERK  or  PI3K/AKT) 
[30].  We  do  not  exclude  other  regulatory  mechanisms 
which  may  exist,  and  actually,  one  very  recent  study  has 
shown  that  one  of  KSHV  micro RNAs,  miR-K  12-11,  an 
ortholog  of  human  oncomir  miR-155  [31,  32]  can  induce 
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Figure  5:  KSHV-encoded  LANA  protein  is  responsible  for  upregulation  of  HO-1  expression.  A.  Putative  domain  structure 
of  LANA  based  on  primary  sequence  features.  The  N-terminal  region  (domain  A)  is  rich  in  prolines  and  serines  and  contains  a  putative 
nuclear  localization  sequences  (NLS).  The  central  region  of  LANA  (domain  B)  is  comprised  of  several  repeats  and  is  very  acidic.  The 
C-tenninal  region  (domain  C)  also  contains  a  putative  NLS.  All  fragment  variants  and  their  coordinates  are  depicted  below  the  domain 
model  of  LANA.  B.  HUVEC  were  transfected  with  control  vector  pc,  full-length  LANA  construct  (pcLANA)  and  fragment  variants, 
respectively,  for  48  h.  Immunoblots  was  used  to  detect  protein  expression.  C.-E.  HUVEC  were  first  transfected  with  negative  control 
siRNA  (n-siRNA)  or  HO-l-siKMA  for  48  h,  then  transfected  with  either  control  vector  pc  or  pcLANA  construct  for  additional  48  h.  Protein 
expression  were  measured  by  immunoblots.  The  concentrations  of  VEGF  in  culture  supernatants  were  detennined  using  ELISA  and  cell 
invasion  was  measured  by  the  transwell  assays.  Error  bars  represent  the  S.E.M.  for  3  independent  experiments.  **  =p  <  0.01. 
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HO- 1  expression  from  lymphatic  endothelial  cells  (LEC) 
through  directly  targeting  BACH1  [33],  a  cellular  HO-1 
transcriptional  repressor  [34].  Interestingly,  these  authors 
indicate  that  there  are  other  viral  microRNA-independent 
mechanisms  for  induction  of  HO-1  expression  in  LEC 
[33].  These  data  and  our  findings  in  the  current  study 
suggest  a  model  in  which  KSHV  infection  induces  HO-1 
expression  and  its  downstream  activities  through  multiple 
viral  and  host  factors,  although  it  still  requires  further 
investigation. 

As  mentioned  above,  HO-1  can  cleave  the  porphyrin 
ring-releasing  equimolar  quantities  of  CO,  free  iron,  and 
biliverdin.  Free  iron  then  stimulates  the  production  of 
the  iron-scavenging  protein,  Ferritin,  while  biliverdin  is 
rapidly  reduced  to  bilirubin  by  biliverdin  reductase  [10]. 
In  fact,  these  HO-1  metabolites  have  important  roles  in 
endothelial  cell  physiology.  For  example,  CO  produced 
by  HO-1  activity  has  been  shown  to  protect  endothelial 
cells  from  both  CD95/Fas-  and  tumor  necrosis  factor 
(TNF)-mediated  apoptosis  [35,  36].  In  addition,  bilirubin 
together  with  upregulated  Ferritin  has  been  shown  to 
protect  endothelial  cells  from  oxidative  damage  resultant 


from  myriad  noxious  stimuli  [37,  38].  Since  the  typical 
“spindle”  KS  tumor  cells  are  endothelial  derived  [39], 
it  will  be  interested  to  understand  how  these  HO-1 
metabolites  contribute  to  the  pathogenesis  of  KSHV- 
infected  endothelial  cells  and  KS  development. 

One  of  our  findings  is  that  targeting  HO-1  by  SnPP 
induces  cell  death  in  KSHV-infected  endothelial  cells 
through  necrosis  but  not  apoptosis,  which  is  different 
from  some  previous  studies.  For  example,  Marinissen  et 
al  have  reported  that  SnPP  treatment  induces  endothelial 
cell  apoptosis  [14].  However,  in  this  study  the  authors 
used  vGPCR-  or  HO-1 -transfected  Simian  virus  40, 
large  T-antigen-immortalized,  murine  endothelial  cells 
(SVECs)  [14],  instead  of  human  endothelial  cells  such  as 
TIVE-LTC  we  used  in  the  present  study.  We  assume  that 
different  cell-lines  with  genetic  modification  may  cause 
varied  responses  to  SnPP  treatment,  although  this  still 
requires  experimental  validation.  Therefore,  we  will  treat 
more  primary  or  immortalized  endothelial  cell-lines  with 
SnPP  to  observe  its  effect. 

By  using  a  KS-like  nude  mouse  model,  we  found 
that  SnPP  treatment  can  effectively  suppress  TIVE- 


Figure  6:  Targeting  HO-1  by  SnPP  effectively  suppresses  TIVE-LTC  tumorigenesis  in  vivo.  A.-B.  TIVE-LTC  (5  x  105  cells 
1:1  with  growth  factor-depleted  Matrigel)  were  injected  subcutaneously  into  the  right  and  left  flanks  of  nude  mice  (3  mice  per  group), 
respectively.  When  tumors  reach  10-15  mm  in  diameter  (~1.5weeks),  mice  were  received  in  situ  subcutaneous  injection  with  either  vehicle 
or  SnPP  (10  pmol/kg  of  body  weight),  5  days/week.  The  mice  were  observed  and  measured  every  2~3  d  for  the  size  of  palpable  tumors 
for  additional  2  weeks.  At  the  end  of  experiment,  the  tumors  were  excised  from  the  site  of  injection  for  subsequent  analysis.  In  SnPP 
treated  mice,  some  dark  substance  (SnPP  residues)  around  the  tumors  were  observed  when  they  were  excised,  which  can  be  easily  stripped 
from  tumor  tissues.  Error  bars  represent  the  S.E.M.  for  one  of  2  independent  experiments.  C.  Protein  expression  in  tumor  tissues  from 
representative  mice  was  measured  by  immunohistochemistry  as  described  in  the  Methods. 
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LTC  tumorigenesis  in  vivo.  Interestingly,  it  also  greatly 
reduced  LANA  expression  in  the  tumor  tissues,  although 
the  underlying  mechanisms  remain  unknown.  However, 
considering  that  high  dose  of  SnPP  displays  some 
cytotoxicity  especially  to  non-infected  endothelial  cells 
such  as  TIVE  (Figure  2A-2B)  and  HUVEC  (data  not 
shown),  it  might  be  better  to  combine  SnPP  with  other 
chemotherapeutical  regimens  for  clinical  treatment 
or  to  develop  other  HO-1  selective  inhibitors  such 
as  the  imidazole-dioxolane  compounds  [40].  Unlike 
the  metalloporphyrins  such  as  SnPP,  these  imidazole- 
dioxolane  compounds  are  selective  for  the  inhibition 
of  HO  with  minimal  effects  on  other  heme-dependent 
enzymes  such  as  nitric  oxide  synthase  and  soluble  guanylyl 
cyclase  [40].  Interestingly,  some  chemotherapeutical 
agents  such  as  paclitaxel  and  rapamycin  (both  of  which 
have  been  used  for  KS  treatment)  [41,  42]  have  been 
found  to  induce  HO-1  expression  and  activities  [43,  44]. 
Therefore,  future  study  will  test  whether  combination  of 
HO- 1  inhibitors  can  reduce  tumor  burden  as  well  as  KS 
tumor  cell  resistance  to  chemotherapy. 

MATERIALS  AND  METHODS 


Cell  culture,  reagents  and  infection  protocol 

Body  cavity-based  lymphoma  cells  (BCBL-1, 
KSHV7EBVncg)  were  kindly  provided  by  Dr.  Dean  Kedes 
(University  of  Virginia)  and  maintained  in  RPMI  1640 
medium  (Gibco)  with  supplements  as  described  previously 
[45].  Telomerase-immortalized  human  umbilical  vein 
endothelial  (TIVE)  and  KSHV  long-term- infected  TIVE 
cells  (TIVE-LTC)  were  cultured  as  previously  described 
[19].  Human  umbilical  vein  endothelial  cells  (HUVEC) 
were  grown  in  DMEM/F-12  50/50  medium  (Cellgro) 
supplemented  with  5%  FBS.  All  cells  were  incubated 
at  37°C  in  5%  CO,.  All  experiments  were  carried  out 
using  cells  harvested  at  low  (  <  20)  passages.  SnPP  and 
the  pan-caspase  inhibitor  Z-VAD-FMK  were  purchased 
from  Sigma.  To  obtain  KSHV  for  infection  experiments, 
BCBL-1  cells  were  incubated  with  0.6  mM  valproic  acid 
for  6  days,  and  purified  virus  was  concentrated  from 
culture  supernatants;  infectious  titers  were  determined  as 
described  previously  [46].  For  overexpression  of  CD147, 
HUVEC  were  transduced  as  previously  described  with 
a  recombinant  adenoviral  vector  (MOI  —10)  encoding 
CD  147  (AdV-CD147),  or  a  control  vector  (AdV),  for  48  h 
prior  to  subsequent  analysis  [47]. 

RNA  interference  and  plasmid  transfection 

CD  147  or  HO-1  ON-TARGET  plus  SMART 
pool  siRNA,  or  negative  control  siRNA  (n-siRNA) 
(Dharmacon),  were  delivered  using  the  DharmaFECT 


transfection  reagent  according  to  the  manufacturer’s 
instructions.  For  plasmid  transfection,  HUVEC  were 
transfected  with  control  vector  pcDNA3.1,  pcDNA3.1- 
LANA  (pcLANA)  or  LANA  deletion  fragments 
(pcLANA-A,  pcLANA-AB,  pcLANA-AC,  pcLANA- 
BC  and  pcLANA-C)  [28]  in  12-well  plates  for  48  h 
using  Lipofectamine  2000  (Invitrogen)  according  to  the 
manufacturer’s  instruction.  Transfection  efficiency  was 
determined  through  co-transfection  of  a  lacZ  reporter 
construct  and  quantified  as  described  previously  [46]. 

Immunoblotting 

Total  cell  lysates  (20pg)  were  resolved  by  10% 
SDS-PAGE,  transferred  to  nitrocellulose  membranes, 
and  immunob lotted  with  antibodies  for  CD  147  (BD), 
HO-1,  p-H2A.X/t-H2A.X,  Cyclophilin-A,  HMGB1  (Cell 
Signaling)  and  P-Actin  (Sigma)  for  loading  controls. 
Immunoreactive  bands  were  identified  using  an  enhanced 
chemiluminescence  reaction  (Perkin-Elmer),  and 
visualized  by  autoradiography. 

Immunofluorescence 

Cells  were  incubated  in  1:1  methanol-acetone  at 
-20°C  for  fixation  and  permeabilization,  then  with  a 
blocking  reagent  (10%  normal  goat  serum,  3%  bovine 
serum  albumin,  and  1%  glycine)  for  an  additional  30 
min.  Cells  were  then  incubated  for  1  h  at  25°C  with  1:400 
dilution  of  a  rabbit  anti-p-H2A.X,  anti-  Cyclophilin-A 
or  anti-HMGBl  antibody  (Cell  Signaling)  followed  by 
1:200  dilution  of  a  goat  anti-rabbit  secondary  antibody 
conjugated  to  Texas  Red  or  Alexa  488  (Invitrogen). 
For  identification  of  nuclei,  cells  were  subsequently 
counterstained  with  0.5  mg/mL  4’,6-diamidino-2- 
phenylindole  (DAPI;  Sigma)  in  180  mM  Tris-HCl  (pH 
7.5).  Slides  were  washed  once  in  180  mM  Tris-HCl  for  15 
minutes  and  prepared  for  visualization  using  a  Leica  TCPS 
SP5  AOBS  confocal  microscope. 

HO  enzymatic  activity 

Crude  endothelial  cell  protein  extracts  were 
prepared  as  previously  described  [13,  20].  Briefly, 
following  24-h  incubation  in  complete  media  alone  or 
with  SnPP,  monolayers  were  rinsed  with  PBS  and  scraped 
directly  into  300  pL  sonication  buffer  (0.25  M  sucrose,  20 
mM  Tris-HCl,  50  pg/mL  Pefabloc  SC,  4  pg/mL  leupeptin; 
pH  7.4)  sonicated  on  ice  2  times  for  30  s  and  centrifuged 
for  20  min  at  18,000  g.  The  protein  concentration  of 
the  resultant  supernatant  was  determined  using  BCA 
as  described  above.  HO  activity  was  measured  by  the 
spectrophotometric  determination  of  bilirubin  production 
as  described  elsewhere  [13,  20].  HO  activity  was  reported 
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as  picomoles  of  bilirubin  produced  per  milligram 
endothelial  cell  protein  extract  per  hour. 

Cometassay 

The  DNA  damage  was  evaluated  by  using 
the  Reagent  Kit  for  Single  Cell  Gel  Electrophoresis 
Assay/Comet  Assay  (Trevigen),  according  to  the 
manufacturer’s  instructions.  The  slides  were  viewed  by 
using  epifluorescence  microscopy.  The  tail  moment  was 
calculated  from  100  cells  collected  per  single  measurement 
by  utilizing  specialized  comet  software  included  in  the 
Automated  Comet  Assay  System  (Loats  Associates  Inc). 

qRT-PCR 

Total  RNA  was  isolated  using  the  RNeasy  Mini  kit 
(QIAGEN),  and  cDNA  was  synthesized  from  equivalent 
total  RNA  using  a  Superscript  III  First-Strand  Synthesis 
SuperMix  Kit  (Invitrogen)  according  to  the  manufacturer’s 
instructions.  Primers  used  for  amplification  of  target  genes 
are  displayed  in  Supplemental  Table  1.  Amplification 
was  carried  out  using  an  iCycler  IQ  Real-Time  PCR 
Detection  System,  and  cycle  threshold  (Ct)  values  were 
tabulated  in  duplicate  for  each  gene  of  interest  in  each 
experiment.  “No  template”  (water)  controls  were  used  to 
ensure  minimal  background  contamination.  Using  mean 
Ct  values  tabulated  for  each  gene,  and  paired  Ct  values  for 
( l-actin  as  a  loading  control,  fold  changes  for  experimental 
groups  relative  to  assigned  controls  were  calculated  using 
automated  iQ5  2.0  software  (Bio-Rad). 

Cell  proliferation  and  apoptosis  assays 

Cell  proliferation  was  measured  by  using  the 
WST-1  assays  (Roche)  according  to  the  manufacturers’ 
instructions.  For  apoptosis  assays,  the  FITC-Annexin  V 
and  propidium  iodide  (PI)  Apoptosis  Detection  Kit  I  (BD 
Pharmingen)  was  used.  Samples  were  analyzed  on  a  FACS 
Calibur  4-color  flow  cytometer  (BD  Bioscience). 

ELISA 

Concentrations  of  VEGF  in  culture  supernatants 
were  determined  using  human  VEGF -A  (Pierce 
Biotechnology)  ELISA  kits  according  to  the 
manufacturers’  instructions. 

Transwell  invasion  assays 

Matrigel  Invasion  Chambers  (BD)  were  hydrated 
for  4  h  at  37°C  with  culture  media.  Following  hydration, 
media  in  the  bottom  of  the  well  was  replaced  with  fresh 


media,  then  2x  104  HUVEC  or  TIVE-LTC  were  plated  in 
the  top  of  the  chamber.  After  24  h,  cells  were  fixed  with 
4%  formaldehyde  for  15  min  at  room  temperature  and 
chambers  rinsed  in  PBS  prior  to  staining  with  0.2%  crystal 
violet  for  10  min.  After  washing  the  chambers,  cells  at 
the  top  of  the  membrane  were  removed  and  cells  at  the 
bottom  of  the  membrane  counted  using  a  phase  contrast 
microscope.  Relative  invasion  was  determined  for  cells 
in  experimental  groups  as  follows:  relative  invasion  =  # 
invading  cells  in  experimental  group  /  #  invading  cells  in 
control  groups. 

Soft  agar  assays 

Abase  layer  containing  0.5%  agarose  medium  and 
5%  FCS  was  poured  into  six-well  plates.  Then,  10,000 
cells  were  mixed  with  0.4%  agarose  in  Earl’s  minimal 
essential  medium  (EMEM)  containing  5%  FCS  to  form  a 
single-cell  suspension.  After  being  seeded,  the  plates  were 
incubated  for  2  weeks.  Colonies  were  stained  with  0.005% 
crystal  violet  and  photographed  under  a  phase-contrast 
microscope  (Leica  DFC320). 

KS-like  nude  mouse  model 

Cells  were  counted  and  washed  once  in  ice-cold 
PBS,  and  5  x  105  TIVE-LTC  in  50  pL  PBS  plus  50  pL 
growth  factor-depleted  Matrigel  (BD  Biosciences)  were 
injected  subcutaneously  into  the  two  flanks  of  nude 
mice  (Jackson  Laboratory).  The  mice  were  observed 
and  measured  every  2~3  d  for  the  presence  of  palpable 
tumors.  When  tumors  reach  10-15  mm  in  diameter 
(~1.5weeks),  mice  were  received  in  situ  subcutaneous 
injection  with  either  vehicle  or  SnPP  (10  pmol/kg  of  body 
weight  dissolved  in  0.1  N  NaOH  in  PBS,  pH  7.5),  5  days/ 
week.  At  the  end  of  experiment,  the  tumors  were  excised 
from  the  site  of  injection  for  subsequent  analysis  such 
as  immunohistochemistry.  All  protocols  were  approved 
by  the  LSUHSC  Animal  Care  and  Use  Committee  in 
accordance  with  national  guidelines. 

KS  tumor  tissues  from  HIV+  patients  and 
immunohistochemistry 

KS  tissues  from  HIV-infected  patients  were 
provided  by  the  LSUHSC  HIV  Outpatient  (HOP)  Clinic 
and  Biospecimens  Bank  (LSUHSC  IRB  approved  No. 
8079).  Formalin-fixed,  paraffin-embedded  tissues  were 
microtome-sectioned  to  a  thickness  of  4  uM,  placed  on 
electromagnetically  charged  slides  (Fisher  Scientific), 
and  stained  with  hematoxylin  &  eosin  (H&E)  for  routine 
histologic  analysis.  Immunohistochemistry  was  perfonned 
using  the  Avidin-Biotin-Peroxidase  complex  system, 
according  to  the  manufacturer’s  instructions  (Vectastain 
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Elite  ABC  Peroxidase  Kit;  Vector  Laboratories).  In  our 
modified  protocol,  sections  were  deparaffinized  in  xylene 
and  re-hydrated  through  a  descending  alcohol  gradient. 
For  non-enzymatic  antigen  retrieval,  slides  were  heated 
in  0.01  M  sodium  citrate  buffer  (pH  6.0)  to  95°C  under 
vacuum  for  40  min  and  allowed  to  cool  for  30  min  at 
room  temperature,  then  rinsed  with  PBS  and  incubated 
in  MeOH/3%  H,0,  for  20  min  to  quench  endogenous 
peroxidase.  Slides  were  then  washed  with  PBS  and 
blocked  with  5%  normal  goat  serum  in  0.1%  PBS/BSA 
for  2  h  at  room  temperature,  then  incubated  overnight 
with  indicated  antibody  at  1:200-1:400  dilution  in  0.1% 
PBS/BSA.  The  following  day,  slides  were  incubated  with 
appropriate  secondary  antibody  at  room  temperature  for 
1  h,  followed  by  avidin-biotin  peroxidase  complexes  for 
1  h  at  room  temperature.  Finally,  slides  were  developed 
using  a  diaminobenzidine  substrate,  counterstained  with 
hematoxylin,  dehydrated  through  an  ascending  alcohol 
gradient,  cleared  in  xylene,  and  coverslipped  with 
Permount.  images  were  collected  using  an  Olympus  BX61 
microscope  equipped  with  a  high  resolution  DP72  camera 
and  CellSense  image  capture  software. 

Statistical  analysis 

Significance  for  differences  between  experimental 
and  control  groups  was  determined  using  the  two-tailed 
Student’s  t-test  (Excel  8.0),  and p  values  <  0.05  and/or  < 
0.01  were  considered  significant. 
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Kaposi's  sarcoma-associated  herpesvirus  (KSHV)  is  the  etiological  agent  of  primary  effusion  lymphoma  (PEL),  a 
rapidly  progressing  malignancy  mostly  arising  in  HIV-infected  patients  Chen  et  al.  (2007)  [1],  Even  under  con¬ 
ventional  chemotherapy,  PEL  continues  to  portend  nearly  1 00%  mortality  within  several  months,  which  urgently 
requires  novel  therapeutic  strategies.  We  have  previously  demonstrated  that  targeting  xCT,  an  amino  acid  trans¬ 
porter  for  cystine/glutamate  exchange,  induces  significant  PEL  cell  apoptosis  through  regulation  of  multiple  host 
and  viral  factors  [2],  More  importantly,  one  of  xCT  selective  inhibitors,  Sulfasalazine  (SASP),  effectively  prevents 
PEL  tumor  progression  in  an  immune-deficient  xenograft  model  [2],  In  the  current  study,  we  use  Ill umina  micro¬ 
array  to  explore  the  profile  of  genes  altered  by  SASP  treatment  within  3  KSHV  +  PEL  cell-lines,  and  discover  that 
many  genes  involved  in  oxidative  stress/antioxidant  defense  system,  apoptosis/anti-apoptosis/cell  death,  and 
cellular  response  to  unfolded  proteins/topologically  incorrect  proteins  are  potentially  regulated  by  xCT  Dai 
et  al.  (2015)  [3],  The  microarray  original  data  have  been  submitted  to  Gene  Expression  Omnibus  (GEO)  database 
(Accession  number:  GSE65418). 

©  2016  The  Authors.  Published  by  Elsevier  Inc.  This  is  an  open  access  article  under  the  CC  BY-NC-ND  license 

(http://creativecommons.Org/licenses/by-nc-nd/4.0/). 


Specifications 

Organism/cell  line/tissue 

Homo  sapiens/KSHV  +  primary  effusion 
lymphoma  cell  lines,  BC-1,  BCP-1  and  BCBL-1 

Sex 

Male 

Sequencer  or  array  type 

Illumina  BeadStation  500  and  BeadScan 

Data  format 

Raw  data:  FASTAQ  file 

Experimental  factors 

Cells  were  treated  with  vehicle  or  the  xCT 
selective  inhibitor  SASP  (0.5  mM)  for  48  h 

Experimental  features 

Microarray  gene  expression  profiling  to 
identify  transcripts  that  are  regulated  by  SASP 

Consent 

Data  are  publicly  available 

Sample  source  location 

LSUHSC,  New  Orleans,  Louisiana 

1.  Direct  link  to  deposited  data 

http://www.ncbi.nlm.nih.gov/geo/query /acc.cgi?acc=GSE6541 8. 


*  Corresponding  authors  at:  Research  Center  for  Translational  Medicine  and  Key 
Laboratory  of  Arrhythmias  of  the  Ministry  of  Education  of  China,  East  Hospital,  Tongji 
University  School  of  Medicine,  150Jimo  Road,  Shanghai  200120,  China. 

E-mail  addresses:  zqin@lsuhsc.edu  (Z.  Qin),  ldai@lsuhsc.edu  (L.  Dai). 


2.  Experimental  design,  materials  and  methods 

2.1.  Cell  culture  and  reagents 

The  PEL  cell-line  BCBL-1  (KSHV+/EBVneg)  was  maintained  in 
RPM1  1640  medium  (Gibco)  with  supplements  as  described  previ¬ 
ously  [1,2],  The  other  PEL  cell-lines  BC-1  (KSHV+/EBV+)  and  BCP-1 
(KSHV+/EBVneg)  were  purchased  from  American  Type  Culture  Col¬ 
lection  (ATCC)  and  maintained  in  complete  RPMI  1640  medium 
(ATCC)  supplemented  with  20%  FBS.  All  cells  were  cultured  at  37  °C 
in  5%  C02.  All  experiments  were  carried  out  using  cells  harvested  at 
low  (<20)  passages.  Sulfasalazine  (SASP)  was  purchased  from  Sigma. 

2.2.  Microarray  and  data  analysis 

Microarray  analysis  was  performed  and  analyzed  at  the  Stanley  S. 
Scott  Cancer  Center's  Translational  Genomics  Core  at  LSUHSC.  BC-1, 
BCP-1  and  BCBL-1  cells  were  treated  with  vehicle  or  the  xCT  selective 
inhibitor  SASP  (0.5  mM)  for  48  h,  respectively.  Total  RNA  was  isolated 
using  Qiagen  RNeasy  kit  (Qiagen),  and  500  ng  of  total  RNA  was  used 
to  synthesize  dscDNA.  Biotin-labeled  RNA  was  generated  using  the 
TargetAmp-Nano  Labeling  Kit  for  Illumina  Expression  BeadChip 
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Fig.  1.  Intersection  analysis  of  gene  profile  altered  within  SASP-treated  KSHV+  PEL  cell¬ 
lines.  The  HumanHT-12  v4  Expression  BeadChip  (Illumina)  was  used  to  detect  genomic 
gene  profile  altered  within  3  SASP-treated  KSHV  +  PEL  cell-lines  (BCBL-1,  BC-1  and  BCP- 
1 )  when  compared  with  vehicle-treated  controls.  Intersection  analysis  of  significantly 
altered  genes  (up/down  >  2  folds  and  p  <  0.05)  was  performed  using  the  Illumina 
CenomeStudio  Software.  Set  1:  Common  genes  altered  in  all  the  3  cell-lines;  Set  II: 
Similar  genes  altered  in  every  2  cell-lines;  Set  III:  Unique  genes  altered  in  each  cell-line. 

(Epicenter),  according  to  the  manufacturers’  instructions,  and  hybrid¬ 
ized  to  the  HumanHT-12  v4  Expression  BeadChip  (Illumina)  which 
contains  more  than  47,000  probes  derived  from  the  NCBI  RefSeq  Release 
38  and  other  sources,  at  58  °C  for  16  h.  The  chip  was  washed,  stained 
with  streptavadin-Cy3,  and  scanned  with  the  Illumina  BeadStation 
500  and  BeadScan. 

Using  the  Illumina's  CenomeStudio  software,  we  normalized  the  sig¬ 
nals  using  the  “cubic  spline  algorithm”  that  assumes  that  the  distribution 
of  the  transcript  abundance  is  similar  in  all  samples.  The  background 


signal  was  removed  using  the  “detection  p-value  algorithm"  to  remove 
targets  with  signal  intensities  equal  or  lower  than  that  of  irrelevant 
probes  (with  no  known  targets  in  the  human  genome  but  thermodynam¬ 
ically  similar  to  the  relevant  probes).  The  microarray  experiments  were 
performed  twice  for  each  group  and  the  average  values  were  used  for 
analysis.  Common,  similar,  and  unique  sets  of  genes  and  enrichment 
analysis  were  performed  using  the  MetaCore  Software  (Thompson 
Reuters),  and  the  results  were  summarized  in  Fig.  1.  Enrichment  analysis 
shows  that  several  major  cellular  functions  were  affected  within  SASP- 
treated  PEL  cells,  including  oxidative  stress/antioxidant  defense  system, 
apoptosis/anti-apoptosis/cell  death,  and  cellular  response  to  unfolded 
proteins/topologically  incorrect  proteins,  which  is  consistent  with  the 
SASP-induced  apoptosis  phenotype  that  we  recently  observed  in 
KSHV  +  PEL  cell-lines  [2,3  J.  Therefore,  our  microarray  data  indicate  that 
xCT  as  well  as  downstream  controlled  genes  may  represent  new  “drug 
targets”  for  better  PEL  treatment. 
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ABSTRACT 

Kaposi's  Sarcoma-associated  Herpesvirus  (KSHV)  is  the  etiologic  agent  of 
several  human  cancers,  including  Kaposi's  Sarcoma  (KS),  which  preferentially  arise 
in  immunocompromised  patients  and  lack  effective  therapeutic  options.  We  have 
previously  shown  that  KSHV  or  viral  protein  LANA  up-regulates  the  glycoprotein 
CD147,  thereby  inducing  primary  endothelial  cell  invasiveness.  In  the  current  study, 
we  identify  the  global  network  controlled  by  CD147  in  KSHV-infected  endothelial 
cells  using  Illumina  microarray  analysis.  Among  downstream  genes,  two  specific 
metalloproteases,  ADAMTS1  and  9,  are  strongly  expressed  in  AIDS-KS  tissues  and 
contribute  to  KSHV-infected  endothelial  cell  invasiveness  through  up-regulation  of 
IL-6  and  VEGF.  By  using  a  KS-like  nude  mouse  model,  we  found  that  targeting  CD147 
and  downstream  ADAMTSs  significantly  suppressed  KSHV-induced  tumorigenesis 
in  vivo.  Taken  together,  targeting  CD147  and  associated  proteins  may  represent  a 
promising  therapeutic  strategy  against  these  KSHV-related  malignancies. 


INTRODUCTION 

Kaposi  sarcoma-associated  herpesvirus  (KSHV) 
represents  one  of  major  causative  agent  of  cancers  arising 
in  immunocompromised  patients,  including  Kaposi’s 
Sarcoma  (KS)  [1],  Furthermore,  despite  the  reduced 
incidence  of  KS  in  the  era  of  combined  Antiretroviral 
Therapy  (cART)  for  Human  Immunodeficiency  Virus 
(HIV)  infection,  KS  still  remains  the  most  common 
Acquired  Immunodeficiency  Syndrome  (AIDS)- 
associated  tumor  and  a  leading  cause  of  morbidity  and 
mortality  in  this  setting  [2,  3].  In  addition,  a  longitudinal 
study  conducted  among  solid  organ  transplant  recipients 
in  United  States  reported  a  high  prevalence  (15%)  of 


KSHV  seropositivity  in  this  population  [4].  Transplant 
recipients  who  develop  primary  KSHV  infection  after 
transplantation  have  a  relatively  high  probability  of 
developing  KSHV-related  malignancies,  especially 
KS  [5],  which  is  likely  associated  with  the  intensity  of 
immunosuppressive  treatment  post-transplantation  [6]. 
Therefore,  KSHV-induced  malignancies,  in  particular 
KS,  still  represent  a  serious  threat  to  immunosuppressed 
patients  due  to  the  lack  of  effective  therapies.  In  fact, 
KSHV  has  now  become  a  model  pathogen  for  virus- 
induced  cancer  research.  However,  many  key  questions 
regarding  its  mechanisms  of  oncogenesis  still  remain 
unanswered,  thus  hindering  identification  of  rational 
targets  and  development  of  novel  therapeutic  strategies. 
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The  multifunctional  transmembrane  protein,  CD  147, 
also  known  as  Emmprin  or  Basigin,  induces  the  expression 
and  secretion  of  multiple  matrix  metalloproteinases 
(MMPs),  thereby  promoting  tumor  cell  invasion  and 
other  malignant  behaviors  [7-9].  We  recently  reported 
that  enhancement  of  invasiveness  for  primary  endothelial 
cells  (the  major  cellular  components  of  KS),  following 
de  novo  KSHV  infection,  resulted  from  up-regulation  of 
CD  147  by  the  KSHV-encoded  latency-associated  nuclear 
antigen  (LANA)  protein  [10].  Further  study  indicated  that 
PI3K/Akt  and  MAPK  activation  of  vascular  endothelial 
growth  factor  (VEGF)  was  required  for  CD147-mediated 
endothelial  cell  invasion  [11].  In  addition,  CD  147 
and  related  proteins  are  also  involved  in  multidrug- 
resistance  of  primary  effusion  lymphoma  (PEL),  another 
KSHV-caused  malignancy  [12].  These  data  demonstrate 
the  important  role  of  CD  147  in  KSHV-associated 
malignancies.  ITowever,  the  global  gene  profile  controlled 
by  CD  147  within  primary  endothelial  cells,  in  particular 
KSHV-infected  cells,  remains  unknown.  It  will  also  be 
interested  to  understand  the  cellular  functions  of  CD  147- 
downstream  proteins  in  vitro  and  in  vivo,  as  well  as  their 
clinical  relevance  within  AIDS-KS  tumor  tissues.  In  the 
current  study,  we  used  Illumina  microarray  to  identify  the 
global  network  controlled  by  CD  147  within  either  CD  147- 
overexpressed  or  KSHV-infected  endothelial  cells.  We  also 
tested  the  contribution  of  two  CD147-controlled  proteins, 
ADAMTS  (A  Disintegrin  and  Metalloprotease  with 
ThromboSpondin  motifs)  1  and  9  to  KSHV  pathogenesis 
and  their  clinical  correlations  in  AIDS-KS  tissues.  Finally, 
using  a  KS-like  nude  mouse  model  with  KSHV  long-term- 
infected,  telomerase-immortalized  human  umbilical  vein 
endothelial  (TIVE-LT)  cells  [13],  we  assessed  the  role 
of  CD  147  and  downstream  AD AMTSs  in  KSHV-related 
tumorigenesis  in  vivo. 

RESULTS 

Microarray  analysis  of  the  CD147  regulatory 
network  in  CD147-overexpressed  and  KSHV- 
infected  endothelial  cells 

We  first  used  the  HumanHT-12  v4  Expression 
BeadChip  (Illumina),  which  contains  more  than  47,000 
probes  derived  from  the  NCBI  RefSeq  Release  38 
and  other  sources,  to  study  the  gene  profile  altered 
within  CD147-overexpressed  HUVEC  cells  by  using 
a  recombinant  adenoviral  vector  AdV-CD147  [11]  or 
within  KSHV-infected  HUVEC  cells.  We  found  that 
184  genes  were  significantly  up-regulated  and  148  were 
down-regulated  (>  2  fold  and  p  <  0.05)  within  CD  147- 
overexpressed  endothelial  cells;  in  KSHV-infected  cells, 
963  genes  were  up-regulated  and  1042  down-regulated. 
Intersection  analysis  indicated  that  7 1  “common”  genes 
were  significantly  up-regulated  and  75  were  down- 
regulated  in  both  sets  (Figure  1  A);  the  top  10  up-regulated 


and  down-regulated  candidate  genes  were  listed  in  Table  1, 
respectively.  We  next  selected  5  “common”  genes  in  both 
sets  from  Table  1  for  validation  of  their  transcriptional 
change  by  using  qRT-PCR.  Our  results  indicated  that  all 
of  the  10  selected  genes  were  significantly  altered  in  a 
manner  comparable  to  those  found  in  the  microarray  data, 
demonstrating  the  credibility  of  our  microarray  analysis. 
Specifically,  ADAMTS1,  ADAMTS9,  HMOX1,  TR1B1 
and  IL-6  were  significantly  up-regulated,  while  ZnT3, 
GDF3,  FBLN5,  COL1A2,  SDPR  were  significantly  down- 
regulated  within  either  CD147-overexpressed  or  KSHV- 
infected  endothelial  cells  (Figure  1B-1C). 

Interestingly,  some  of  the  top  altered  candidate 
genes  listed  have  been  reported  to  be  closely  associated 
with  KSHV  pathogenesis.  For  example,  KSHV  infection 
induces  heme  oxygenase- 1  (HMOX-1  or  HO-1),  an 
inducible  enzyme  responsible  for  the  rate-limiting  step 
in  heme  catabolism,  in  infected  endothelial  cells  and/or 
AIDS-KS  tissues  [14].  Increased  HMOX-1  enzymatic 
activity  in  vitro  has  been  shown  to  enhance  proliferation 
of  KSHV-infected  endothelial  cells  in  the  presence 
of  free  heme.  Fibulin-5  (FBLN5),  one  of  the  most 
down-regulated  genes,  is  greatly  decreased  in  KSHV- 
infected  endothelial  cells  and/or  AIDS-KS  tissues, 
while  addition  of  recombinant  Fibulin-5  suppresses 
VEGF  production  by  KSHV-infected  endothelial  cells 
[15].  In  contrast,  some  other  candidates  have  never 
been  reported  in  KSHV  pathogenesis  but  are  thought 
to  be  involved  in  progression  of  other  cancers,  such  as 
ADAMTS  1  and  9.  The  ADAMTS  family  of  extracellular 
metalloproteases,  including  ADAMTS  1  and  9,  has 
been  widely  implicated  in  remodeling  of  the  tumor 
microenvironment  during  cancer  development,  growth  and 
progression  [16-19].  In  particular,  elevated  ADAMTS  1 
promotes  pro-tumorigenic  changes  such  as  increased 
tumor  cell  proliferation,  decreased  apoptosis  and  altered 
vascularization  [20].  Importantly,  it  facilitates  significant 
peritumoral  remodeling  of  the  extracellular  matrix  (ECM) 
microenvironment  to  promote  tumor  progression  and 
metastasis.  For  these  reasons  we  chose  ADAMTS  1  and  9 
for  further  investigations. 

We  also  performed  enrichment  analysis  of  the 
“common”  genes  in  both  sets  by  using  the  Pathway  map. 
Gene  Ontology  (GO)  Processes  and  Process  Networks 
modules  from  Metacore  Software  (Thompson  Reuters) 
[21].  Our  analysis  showed  that  these  genes  belong  to 
several  major  cellular  function  categories,  including 
cellular  immune  response  to  inflammation,  blood  vessel 
development,  regulation  of  epithelial-mesenchymal 
transition  (EMT),  cell  adhesion  and  cell  cycle/proliferation 
(Supplementary  Figure  S1A-S1C),  some  of  which  have 
been  reported  closely  related  to  KSHV  pathogenesis 
or  tumorigenesis  [22,  23].  In  addition,  the  top  2  scored 
pathway  maps  and  protein  networks  for  these  “common” 
genes  were  shown  in  Supplementary  Figure  S2  and 
Figure  S3,  respectively. 


www.impactjournals.com/oncotarget 


2 


Oncotarget 


Clinical  relevance  of  CD147  and  downstream 
ADAMTSs  within  AIDS-KS  tissues 

Due  to  the  important  role  of  ADAMTS  family 
members  in  cancer  progression,  we  further  examined 
their  regulation  by  CD  147  in  endothelial  cells  and 
their  expression  in  AIDS-KS  tumors.  We  previously 
demonstrated  up-regulation  of  CD  147  expression  in 
HUVEC  by  either  a  recombinant  CD  147  adenovirus 
(AdV-CD147)  transduction  or  KSHV  de  novo  infection 
[10,  11].  Here  we  showed  the  elevated  expression  of 
ADAMTS  1  and  9  after  both  treatments  in  cultured 
HUVEC  cells  (Figure  2A-2B).  Furthermore,  we 
measured  their  expression  levels  in  KS  tumor  tissues 
directly  isolated  from  cohort  3  AIDS  patients  without 
chemotherapy  treatments.  Our  results  showed  the  strong 
expression  of  CD  147,  as  well  as  ADAMTS  1  and  9  within 
KS  tumor  tissues  from  all  the  patients  (CF0002,  JG004 
and  XX007)  (Figure  2C).  In  addition,  we  found  that 
CD147,  ADAMTS  1  and  9  were  all  expressed  mostly  in 
“spindle  cells”,  the  typical  LANA+  KS  tumor  cells  [24] 
(Figure  2D).  Taken  together,  these  data  strongly  suggest 
the  involvement  of  CD  147  and  downstream  ADAMTS 
proteins  in  KSHV-related  malignancies,  specifically  KS. 


Targeting  CD  147  and  downstream  ADAMTSs 
represses  pro-inflammatory,  pro-angiogenic 
cytokine  production  and  endothelial  cell  invasion 

Pro-inflammatory  and  pro-angiogenic  cytokines,  in 
particular  IF-6  and  VEGF,  are  secreted  by  KSHV-infected 
cells.  Their  presence  within  KS  lesions  and  the  peripheral 
circulation  of  KS  patients  is  thought  to  facilitate  KSHV- 
associated  cellular  pathogenesis  and  angiogenesis  [25-27]. 
Moreover,  acquisition  of  a  migratory  or  invasive  phenotype 
represents  one  hallmark  of  KSHV-infected  endothelial 
cells,  with  implications  for  both  viral  dissemination  and 
angiogenesis  within  KS  lesions  [28].  Here  our  results 
indicated  that  targeting  CD  147,  ADAMTS  1  or  9  by  RNAi 
significantly  reduced  IE-6  and  VEGF  production  from 
KSHV-infected  HUVEC,  as  well  as  the  transcripts  for  their 
receptors  (IL-6R,  VEGFR1  and  VEGFR2)  (Figure  3A-3C 
and  Supplementary  Figure  S4).  By  using  the  transwell 
assays,  we  found  that  silencing  of  CD  147,  ADAMTS  1  or 
9  effectively  reduced  KSHV-infected  HUVEC  invasion 
(Figure  3D).  Moreover,  silencing  of  CD  147,  ADAMTS  1  or 
9  also  significantly  reduced  CD147-overexpressed  HUVEC 
invasion  (Figure  3E),  demonstrating  that  these  ADAMTSs  are 
indeed  required  for  CD147-mediated  endothelial  cell  invasion. 
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Figure  1:  Intersection  analysis  and  experimental  validation  of  gene  profile  alterations  in  KSHV-infected  and  CD147- 
overexpressed  endothelial  cells.  (A)  The  HumanHT-12  v4  Expression  BeadChip  (Illumina)  was  used  to  detect  alterations  in  gene 
profile  in  HUVEC  cells  infected  by  KSHV  (vs  mock  cells),  or  cells  transduced  with  AdV-CD147  (vs  AdV-transduced  cells).  Intersection 
analysis  of  significantly  altered  genes  (up/down  >  2  fold  and  p  <  0.05)  was  performed  using  the  Alumina  GenomeStudio  Software. 
(B-C)  The  transcriptional  levels  of  5  selected  ‘common’  candidate  genes  that  were  up-regulated  (B)  or  down-regulated  (C)  in  each  set  of 
microarray  data  were  validated  by  using  qRT-PCR.  Error  bars  represent  the  S.E.M.  for  3  independent  experiments. 
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Table  1:  The  top  10  ‘common’  candidate  genes  upregulated  or  downregulated  within  both  CD147- 
overexpressed  and  KSHV-infected  HUVEC  cells 

Fold  change 


Gene  symbol  Description  GDI  47 

KSHV-infected 

overexpressed 


AD  AMTS  1 

A  disintegrin  and  metalloproteinase  with 
thrombospondin  motifs  1 

16.72 

19.26 

HMOX1 

Heme  oxygenase  1 

25.8 

2.31 

RASD1 

Dexamethasone-induced  Ras-related  protein  1 

19.74 

2.21 

ADAMTS9 

A  disintegrin  and  metalloproteinase  with 
thrombospondin  motifs  9 

6.69 

12.89 

TMEM158 

Transmembrane  protein  158 

14.15 

2.44 

TRIB1 

Tribbles  homolog  1 

12.23 

3.58 

DUSP12 

Dual  specificity  protein  phosphatase  12 

12.8 

2.81 

IL6 

Interleukin-6 

8.13 

6.69 

RGS2 

Regulator  of  G-protein  signaling  2 

3.73 

10.64 

CXCL2 

C-X-C  motif  chemokine  2 

11.96 

2.35 

ZnT3 

Zinc  transporter  3 

0.13 

0.13 

GDF3 

Growth/differentiation  factor  3 

0.16 

0.12 

MYH10 

Myosin- 10 

0.03 

0.26 

LTBP2 

Latent-transforming  growth  factor  beta-binding 
protein  2 

0.12 

0.25 

FBLN5 

Fibulin-5 

0.24 

0.15 

COL1A2 

Collagen  alpha-2(I)  chain 

0.24 

0.18 

STAT1 

Signal  transducer  and  activator  of  transcription 

1 -alpha/beta 

0.07 

0.36 

GPR126 

G-protein  coupled  receptor  126 

0.2 

0.23 

GPR124 

G-protein  coupled  receptor  124 

0.23 

0.28 

SDPR 

Serum  deprivation-response  protein 

0.08 

0.47 

Establishment  of  a  KS-like  nude  mouse  model 
using  TIVE-LT  cells 

KSHV-infected  primary  endothelial  cells  usually 
cannot  form  tumors  even  in  immunodeficiency  mice 
[24].  Recently,  a  stable  KSHV  latency  cell-line,  named 
TIVE-LT  cells  has  been  established,  which  can  induce 
KS-like  tumor  formation  in  nude  mice  [13].  Here  we 
found  robust  LANA  expression  in  the  nuclei  of  TIVE-LT 
cells  (a  molecular  marker  for  KSHV  latency)  [29],  while 
none  was  observed  in  the  uninfected  parental  TIVE  cells 
(Figure  4A).  Interestingly,  TIVE-LT  cells  displayed  much 
higher  levels  of  CD  147,  AD  AMTS  1  and  9  expression 
than  TIVE  cells  (Figure  4B).  Accordingly,  TIVE-LT  cells 
possessed  much  stronger  capacities  for  cell  invasion  and 


anchorage-independent  growth  than  TIVE  cells,  the  latter 
forming  almost  no  colonies  in  the  soft  agar  assay  (Figure 
4C-4D). 

We  next  examined  the  ability  of  TIVE  and  TIVE-LT 
cells  to  form  tumors  after  subcutaneous  injection  into  nude 
mice.  We  found  that  all  the  mice  injected  with  TIVE-LT 
cells  developed  visible  tumors  by  28  day  (4/4),  while  none 
(0/4)  of  the  mice  injected  with  TIVE  cells  did  (Figure  4E). 
H  &  E  staining  of  tumor  tissues  from  TIVE-LT- injected 
mouse  displayed  KS-like  features,  including  a  mixture  of 
elongated-spindle-cell  and  undifferentiated  morphologies 
with  prominent  mitotic  Figures.  Immunohistochemistry 
(IHC)  staining  showed  that  most  tumor  cells  expressed 
KS-specific  viral/cellular  marker  molecules  [24],  such  as 
LANA,  CD3 1  and  LYVE-1  (Figure  4F). 
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Targeting  CD147  and  downstream  AD AMTS1 
suppresses  KSHV+  TIVE-LT  cell  tumorigenesis 
in  vivo 

Since  TIVE-LT  cells  displaying  high  CD  147 
expression,  we  found  that  silencing  of  CD  147  by  RNAi 
reduced  the  expression  of  AD  AMTS  1  and  9  (Figure  5A), 
as  well  as  their  transcripts  (data  not  shown).  Silencing 
of  CD  147  by  RNAi  significantly  blocked  TIVE-LT  cell 
invasion  and  anchorage-independent  growth,  when 
compared  to  negative  control  siRNA  (n-siRNA)  group 
(Figure  5B-5C).  We  also  observed  long-term  “knock¬ 
down”  of  CD  147  expression  by  RNAi  for  at  least  2 
weeks  in  vitro  culture  (Supplementary  Figure  S5).  Next, 
we  injected  TIVE-LT  cells  transfected  with  n-siRNA  or 


CD/47-siRNA  subcutaneously  into  the  right  and  left  flanks 
of  nude  mice,  respectively.  These  mice  were  observed 
and  measured  every  2~3  day  for  the  presence  of  palpable 
tumors  for  21  days.  Our  results  indicated  that  silencing  of 
CD  147  significantly  repressed  tumor  growth  in  nude  mice. 
Mice  injected  with  CD /47-si RN A  formed  smaller  tumors 
when  compared  to  n-siRNA  groups  at  21  days  (Figure 
5D-5E).  Immunoblot  results  confirmed  the  higher  levels 
of  CD147,  AD  AMTS  1  and  9  expression  in  tumor  lysates 
from  mice  with  n-siRNA  than  those  from  mice  with 
CD/47-siRNA,  demonstrating  the  successful  silencing 
of  CD  147  and  downstream  AD AMTSs  in  vivo  (Figure  5F). 
Our  additional  data  indicated  that  direct  silencing  of 
AD  AMTS  1  by  siRNA  also  significantly  repressed  tumor 
growth  in  nude  mice  (Supplementary  Figure  S6).  Taken 
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Figure  2:  Up-regulation  of  ADAMTSl  and  9  expression  in  CD147-overexpressed  or  KSHV-infected  endothelial  cells 
and  in  AIDS-KS  tissues.  (A-B)  HUVEC  were  transduced  using  a  recombinant  human  CD  147-encoding  adenovirus  (AdV-CD147),  or 
control  adenovirus  (AdV)  for  48  h,  or  infected  by  purified  KSHV  (MOI  ~  10)  for  48  h.  Protein  expression  was  measured  by  immunoblots. 
(C-D)  The  expression  of  CD  147,  ADAMTSl  and  ADAMTS9  within  KS  tumor  tissues  from  3  cohort  HIV+  patients  was  detected  by 
immunohistochemistry  (400x  magnification,  and  tumor  cells  in  selected  regions  were  magnified  at  600x  in  panel  D).  Red  arrows  indicate 
the  KS  tumor  area  and  black  arrows  indicate  the  adjacent  area  from  the  same  patient. 
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Figure  3:  Targeting  CD147  and  downstream  AD  AMTSs  represses  expression  ofIL-6,  VEGF,  their  respective  receptors, 
and  KSFIV-infected  endothelial  cell  invasion.  (A-B)  HUVEC  were  incubated  with  media  (mock)  or  purified  KSHV  for  2  h,  with 
or  without  prior  transfection  for  48  h  with  negative  control  siRNA  (n-siRNA),  CD./47-siRNA,  AZMM757-siRNA  or  ADAMRSP-siRNA, 
respectively.  Cells  were  subsequently  incubated  in  fresh  media  for  an  additional  24  h.  The  concentrations  of  IL-6  and  VEGF  in  culture 
supernatants  were  determined  using  ELISAs.  (C-D)  E1UVEC  were  treated  as  above,  then  the  expression  of  cytokine  receptor  genes  and 
cell  invasiveness  were  measured  by  qRT-PCR  and  transwell  assays,  respectively.  (E)  E1UVEC  were  transfected  for  48  h  with  negative 
n-siRNA,  ADAMTS1  -siRNA  or  ADAMTS9-siKMA,  respectively,  then  transduced  with  AdV-CD147  or  control  AdV  for  48  h.  Cell  invasion 
was  assessed  by  transwell  assays.  Error  bars  represent  the  S.E.M.  for  3  independent  experiments.  *  =p  <  0.05. 
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together,  these  data  support  the  important  role  of  CD  147, 
AD  AMTS  1  and  9  as  cellular  co-factors  for  KSHV-related 
tumorigenicity  and  KS  development. 

DISCUSSION 

Our  previous  studies  have  demonstrated  that  CD  147 
is  an  important  contributor  to  KSHV-induced  endothelial 
cell  invasiveness,  through  a  complex  of  underlying 
mechanisms  [10,  11,  30].  However  to  our  knowledge, 
there  are  no  current  data  exploring  the  global  gene  profile 
controlled  by  CD  147  in  primary  endothelial  cells,  in 
particular  KSHV-infected  cells,  which  are  the  major 
cellular  components  of  KS  tissues.  In  the  current  study, 
we  identified  at  least  ~  1 50  genes  potentially  controlled 
by  CD  147  in  KSHV-infected  endothelial  cells  by  using 
Illumina  microarray.  Interestingly,  only  a  few  of  them 


have  been  reported  associated  with  KSHV  pathogenesis, 
e.g.  HMOX-1  and  FBLN5  [14,  15],  while  most  of  them 
remain  functionally  unknown  with  respect  to  KSHV- 
related  diseases.  The  enrichment  analysis  indicates  that 
these  genes  belong  to  several  major  cellular  function 
categories  closely  related  to  KSHV  pathogenesis,  such  as 
EMT  and  blood  vessel  development  [22,  23].  Although 
the  role  of  EMT  in  KS  development  remains  unclear, 
another  similar  pathophysiologic  behavior,  called  as 
endothelial-to-mesenchymal  transformation  (EndMT), 
has  been  described  during  KSHV  infection.  Cheng  el  al. 
reported  that  KSHV-induced  EndMT  was  initiated  by 
the  viral  FLICE  inhibitory  protein  (vFLIP)  or  vGPCR 
through  Notch  pathway  activation,  leading  to  cell 
invasiveness  dependent  upon  membrane-type- 1  matrix 
metalloproteinase  (MT1-MMP)  [31].  Gasperini  el  al. 
reported  that  canonical  Notch  signaling,  including  Slug 


Figure  4:  Establishment  of  a  KS-like  nude  mouse  model  using  TIVE-LT  cells.  (A)  IFA  was  used  to  detect  nuclear  LANA 
expression  in  TIVE-LT  cells,  and  TIVE  cells  as  a  negative  control.  (B-D)  Protein  expression  (B),  cell  invasion  (C)  and  anchorage- independent 
growth  (D)  were  measured  by  immunoblots,  transwell  and  soft  agar  assays,  respectively.  (E)  TIVE  or  TIVE-LT  cells  (approximately 
5  x  10s  cells  were  mixed  at  a  ratio  of  1 : 1  with  growth  factor-depleted  Matrigel)  were  injected  subcutaneously  into  nude  mice.  Mice  injected 
with  TIVE-LT  at  28d  developed  tumors  (4/4)  as  shown  by  red  circle,  while  none  (0/4)  of  the  mice  injected  with  TIVE  cells  did.  (F)  H  &  E 
staining  of  representative  tumor  tissues  isolated  from  TIVE-LT-injected  mice  displayed  KS-like  features,  including  a  mixture  of  elongated- 
spindle-cell  and  undifferentiated  morphologies  with  prominent  mitotic  figures.  Immunohistochemistry  (IHC)  staining  showed  that  most 
tumor  cells  expressed  KS-specific  viral/cellular  marker  molecules. 
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and  ZEB1,  was  required  for  KSHV-induced  EndMT  which 
increased  invasiveness  and  survival  in  infected  endothelial 
cells  [32].  Interestingly,  CD  147  has  been  found  involved 
in  EMT  and  closely  associated  phenomena  in  cancer  cells 
[33-35].  Additionally,  the  expression  of  functional  CD147 
and  MMP-2  was  significantly  decreased  in  Notchl- 
deficient  breast  cancer  cells  which  displayed  impaired 
migration  and  invasion  [36]. 

Here  we  showed  that  two  specific  metalloproteases, 
AD  AMTS  1  and  9  were  up-regulated  by  CD  147  and 
contributed  to  KSHV-induced  cell  invasiveness.  Previous 
reports  showed  that  CD  147  induced  production  of  several 
MMPs  [7-9]  and  urokinase-type  plasminogen  activator 
[37],  but  to  our  knowledge  this  is  the  first  report  showing 
the  up-regulation  of  ADAMTSs  by  CD  147.  Moreover, 
CD  147,  AD  AMTS  1  and  9  were  strongly  expressed  within 
AIDS-KS  tumor  tissues,  demonstrating  their  potential 


clinical  relevance  as  well  as  biomarker  or  therapeutic 
values.  However,  it  remains  unknown  how  CD  147  can 
increase  the  expression  and  maturation  of  AD  AMTS  1  and 
9,  which  may  require  a  variety  of  additional  factors.  For 
example,  AD  AMTS  1  is  synthesized  as  a  pro-zymogen 
and  undergoes  N- linked  glycosylation  following  protein 
translation  [38].  The  secretion  of  AD  AMTS  1  to  the  ECM 
requires  the  excision  of  its  pro-domain  from  the  87kD 
mature  protein  by  furin-related  endopeptidases  [38]. 
Interestingly,  AD  AMTS  1  can  be  transiently  induced 
by  hypoxia  in  endothelial  cells,  which  is  mediated 
by  hypoxia-inducible  factor  1  (HIF-1)  binding  to  its 
promoter  region  [39].  Moreover,  CD  147  can  be  induced 
in  a  similar  manner  in  various  carcinoma  cells  [40].  It 
has  been  reported  that  several  KSHV-encoded  proteins 
such  as  LANA,  vIRF-3  or  vGPCR  can  activate  HIF-1 
and  contribute  to  angiogenesis,  tumorigenesis  or  virus 
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Figure  5:  Targeting  CD147  significantly  suppresses  TIVE-LT  cell  tumorigenesis  in  vivo.  (A-C)  TIVE-LT  cells  were 
transfected  with  negative  control  siRNA(n-siRNA)  orCD147-siRNAfor48  h,  then  protein  expression  (A),  cell  invasion  (B)  and  anchorage- 
independent  growth  (C)  were  measured  by  immunoblots,  transwell  and  soft  agar  assays,  respectively.  (D-E)  TIVE-LT  cells  transfected  with 
n-siRNA  or  CD147-siRNA  (approximately  5  x  10s  cells  were  mixed  at  a  ratio  of  1:1  with  growth  factor-depleted  Matrigel)  were  injected 
subcutaneously  into  the  right  and  left  flanks  of  nude  mice  (3  mice  per  group),  respectively.  The  mice  were  observed  and  measured  every 
2~3  d  for  the  presence  of  palpable  tumors  for  21  d.  (F)  Protein  expression  was  measured  by  immunoblots  of  tumor  lysates  from  2  TIVE- 
LT/n-siRNA  or  TIVE-LT/CD147-siRNA  injected  flanks  of  mice  sacrificed  at  day  21,  respectively. 
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replication  [41-44].  Therefore,  we  are  interested  to 
understand  whether  these  viral  proteins  (latent  or  lytic) 
are  able  to  up-regulate  the  expression  of  AD  AMTS  1  and 
9  and  the  underlying  mechanisms. 

Our  data  showed  that  silencing  of  CD  147  by  RNAi 
significantly  repressed  tumor  growth  in  a  nude  mouse 
model,  and  that  these  treated  tumor  tissues  displayed 
less  blood  vessel  formation  and  less  tumor  cells  when 
compared  to  n-siRNA  groups  (data  not  shown).  We 
assume  this  is  partially  due  to  impaired  ECM  dynamics 
in  the  tumor  microenvironment  through  down-regulation 
of  AD  AMTS  1  and  9.  Our  recent  study  indicated  that 
silencing  of  CD  147  by  RNAi  greatly  reduced  the 
production  of  hyaluronan,  an  important  ECM  component, 
through  down-regulation  of  the  hyaluronan  synthase 
gene  1  ( Hasl )  within  KSHV-infected  HUVEC 
cells  [30],  Interestingly,  we  found  that  silencing 
of  CD  147  also  significantly  reduced  hyaluronan 
production  from  TIVE-LT  cells,  in  this  case 
through  down-regulation  of  Has2  and  Has 3  instead 
of  Hasl  (Dai  et  al,  unpublished  data).  Therefore, 
we  will  evaluate  the  strategies  targeting  ECM 
formation  and/or  components  as  potential  therapies 
against  KS  development  in  future  study. 

MATERIALS  AND  METHODS 

Cell  culture,  reagents  and  infection  protocol 

Body  cavity-based  lymphoma  cells  (BCBL-1, 
KSHVYEBV  )  were  maintained  in  RPMI  1 640  medium 
(Gibco)  with  supplements  as  described  previously 
[45].  Telomerase-immortalized  human  umbilical  vein 
endothelial  (TIVE)  and  KSHV  long-tenu- infected  TIVE 
(TIVE-LT)  cells  were  cultured  as  previously  described 
[13].  Human  umbilical  vein  endothelial  cells  (HUVEC) 
were  grown  in  DMEM/F-12  50/50  medium  (Cellgro) 
supplemented  with  5%  FBS.  All  cells  were  incubated  at 
37°C  in  5%  COr  All  experiments  were  carried  out  using 
cells  harvested  at  low  (<  20)  passages.  To  obtain  KSHV 
for  infection  experiments,  BCBL-1  cells  were  incubated 
with  0.6  mM  valproic  acid  for  6  days,  and  purified  virus 
was  concentrated  from  culture  supernatants  and  infectious 
titers  were  determined  as  described  previously  [46].  For 
overexpression  of  CD  147,  HUVEC  were  transduced  as 
previously  described  with  a  recombinant  adenoviral  vector 
(MOI  ~  10)  encoding  CD147  (AdV-CD147),  or  a  control 
vector  (AdV),  for  48  h  prior  to  subsequent  analyses  [11]. 

Microarray 

Total  RNA  was  isolated  using  Qiagen  RNeasy  kit 
(Qiagen),  and  500  ng  of  total  RNA  was  used  to  synthesize 
dscDNA.  Biotin-labeled  RNA  was  generated  using  the 
TargetAmp-Nano  Labeling  Kit  for  Illumina  Expression 


BeadChip  (Epicentre),  according  to  the  manufacturers’ 
instructions,  and  hybridized  to  the  HumanHT-12  v4 
Expression  BeadChip  (Illumina),  which  contains  more 
than  47,000  probes  derived  from  the  NCBI  RefSeq 
Release  38  and  other  sources,  at  58°C  for  16  h.  The  chip 
was  washed,  stained  with  streptavadin-Cy3,  and  scanned 
with  the  Illumina  BeadStation  500  and  BeadScan.  Using 
the  Illumina ’s  GenomeStudio  software,  we  normalized  the 
signals  using  the  “cubic  spline  algorithm”  that  assumes 
that  the  distribution  of  transcript  abundance  is  similar 
in  all  samples,  according  to  the  method  proposed  by 
Workman  et  al.  [47].  The  background  signal  was  removed 
using  the  “detection  p-value  algorithm”  to  remove  targets 
with  signal  intensities  equal  or  lower  than  that  of  irrelevant 
probes  (with  no  known  targets  in  the  human  genome  but 
thermodynamically  similar  to  the  relevant  probes).  The 
microarray  experiments  were  performed  twice  for  each 
group  and  the  average  values  were  used  for  analysis. 
Common  and  unique  sets  of  genes  and  enrichment 
analysis  were  performed  using  the  MetaCore  Software 
(Thompson  Reuters)  as  previously  reported  [21].  The 
microarray  original  data  have  been  submitted  to  Gene 
Expression  Omnibus  (GEO)  database  (Accession  number: 
GSE69067). 

RNA  interference 

CD  147,  AD  AMTS  1  or  ADAMTS9  ON-TARGET 
plus  SMART  pool  siRNA,  or  negative  control  siRNA 
(n-siRNA)  (Dharmacon),  were  delivered  using  the 
DharmaFECT  transfection  reagent  according  to  the 
manufacturer’s  instructions. 

Immunoblotting 

Total  cell  lysates  (20  pg)  were  resolved  by  10% 
SDS-PAGE,  transferred  to  nitrocellulose  membranes, 
and  immunoblotted  with  antibodies  for  CD  147  (BD), 
ADAMTS1,  ADAMTS9  (Cell  Signaling)  and  P-Actin 
(Sigma)  for  loading  controls.  Immunoreactive  bands 
were  identified  using  an  enhanced  chemiluminescence 
reaction  (Perkin-Elmer),  visualized  by  autoradiography 
and  quantitated  using  Image-J  software. 

Immunofluorescence 

Cells  were  incubated  in  1:1  methanol-acetone 
at  -20°C  for  fixation  and  permeabilization,  then  with  a 
blocking  reagent  (10%  normal  goat  serum,  3%  bovine 
serum  albumin,  and  1%  glycine)  for  an  additional 
30  minutes.  Cells  were  then  incubated  for  1  h  at  25°C  with 
1:1000  dilution  of  a  rat  anti-LANA  monoclonal  antibody 
(ABI)  followed  by  1:200  dilution  of  a  goat  anti-rat 
secondary  antibody  conjugated  to  Texas  Red  (Invitrogen). 
For  identification  of  nuclei,  cells  were  subsequently 
counterstained  with  0.5  mg/mL  4',6-diamidino-2- 
phenylindole  (DAPI;  Sigma)  in  180  mM  Tris-HCl 
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(pH  7.5).  Slides  were  washed  once  in  180  mM  Tris-HCl 
for  1 5  minutes  and  prepared  for  visualization  using  a  Leica 
TCPS  SP5  AOBS  confocal  microscope. 

qRT-PCR 

Total  RNA  was  isolated  using  the  RNeasy  Mini  kit 
(QIAGEN),  and  cDNA  was  synthesized  from  equivalent 
total  RNA  using  a  Superscript  III  First-Strand  Synthesis 
SuperMix  Kit  (Invitrogen)  according  to  the  manufacturer’s 
instructions.  Primers  used  for  amplification  of  target  genes 
are  displayed  in  Supplementary  Table  1.  Amplification 
was  carried  out  using  an  iCycler  IQ  Real-Time  PCR 
Detection  System,  and  cycle  threshold  (Ct)  values  were 
tabulated  in  duplicate  for  each  gene  of  interest  in  each 
experiment.  “No  template”  (water)  controls  were  used  to 
ensure  minimal  background  contamination.  Using  mean 
Ct  values  tabulated  for  each  gene,  and  paired  Ct  values  for 
P -actin  as  a  loading  control,  fold  changes  for  experimental 
groups  relative  to  assigned  controls  were  calculated  using 
automated  iQ5  2.0  software  (Bio-rad). 

ELISA 

Concentrations  of  IL-6  and  VEGF  in  culture 
supernatants  were  determined  using  human  IL-6 
(eBioscience)  and  VEGF-A  (Pierce  Biotechnology) 
ELISA  kits  according  to  the  manufacturers’  instructions. 

Transwell  invasion  assays 

Matrigel  Invasion  Chambers  (BD)  were  hydrated 
for  4  h  at  37°C  with  culture  media.  Following  hydration, 
media  in  the  bottom  of  the  well  was  replaced  with  fresh 
media,  then  2  x  104  HUVEC,  TIVE  or  TIVE-LT  cells 
were  plated  in  the  top  of  the  chamber.  After  24  h,  cells 
were  fixed  with  4%  formaldehyde  for  15  min  at  room 
temperature  and  chambers  rinsed  in  PBS  prior  to  staining 
with  0.2%  crystal  violet  for  10  min.  After  washing  the 
chambers,  cells  at  the  top  of  the  membrane  were  removed 
and  cells  at  the  bottom  of  the  membrane  counted  using 
a  phase  contrast  microscope.  Relative  invasion  was 
determined  for  cells  in  experimental  groups  as  follows: 
relative  invasion  =  #  invading  cells  in  experimental  group  / 
#  invading  cells  in  control  groups. 

Soft  agar  assays 

Abase  layer  containing  0.5%  agarose  medium  and 
5%  FCS  was  poured  into  six -well  plates.  Then,  10,000 
cells  were  mixed  with  0.4%  agarose  in  Earl’s  minimal 
essential  medium  (EMEM)  containing  5%  FCS  to  form  a 
single-cell  suspension.  After  being  seeded,  the  plates  were 
incubated  for  2  weeks.  Colonies  were  stained  with  0.005% 
crystal  violet  and  photographed  under  a  phase-contrast 
microscope  (Leica  DFC320). 


KS-like  nude  mouse  model 

Cells  were  counted  and  washed  once  in  ice-cold 
PBS,  and  5  x  105  cells  in  50  pL  PBS  plus  50  pL  growth 
factor-depleted  Matrigel  (BD  Biosciences)  were  injected 
subcutaneously  into  the  flanks  of  nude  mice  (Jackson 
Laboratory).  The  mice  were  observed  and  measured 
every  2~3  d  for  the  presence  of  palpable  tumors.  At  the 
end  of  experiment,  the  tumors  were  excised  from  the  site 
of  injection  for  subsequent  analysis  such  as  immunoblots 
and  immunohistochemistry.  All  protocols  were  approved 
by  the  LSUHSC  Animal  Care  and  Use  Committee  in 
accordance  with  national  guidelines. 

KS  tumor  tissues  from  HIV+  patients  and 
immunohistochemistry 

KS  tissues  from  HIV-infected  patients  were 
provided  by  the  LSUHSC  HIV  Outpatient  (HOP)  Clinic 
and  Biospecimens  Bank  (LSUHSC  IRB  approved  No. 
8079).  Formalin-fixed,  paraffin-embedded  tissues  were 
microtome-sectioned  to  a  thickness  of  4  uM,  placed  on 
electromagnetically  charged  slides  (Fisher  Scientific),  and 
stained  with  hematoxylin  &  eosin  (H  &  E)  for  routine 
histologic  analysis.  Immunohistochemistry  was  performed 
using  the  Avidin-Biotin-Peroxidase  complex  system, 
according  to  the  manufacturer’s  instructions  (Vectastain 
Elite  ABC  Peroxidase  Kit;  Vector  Laboratories).  In  our 
modified  protocol,  sections  were  deparaffinized  in  xylene 
and  re-hydrated  through  a  descending  alcohol  gradient. 
For  non-enzymatic  antigen  retrieval,  slides  were  heated 
in  0.01  M  sodium  citrate  buffer  (pH  6.0)  to  95°C  under 
vacuum  for  40  min  and  allowed  to  cool  for  30  min  at 
room  temperature,  then  rinsed  with  PBS  and  incubated 
in  MeOH/3%  H,02  for  20  min  to  quench  endogenous 
peroxidase.  Slides  were  then  washed  with  PBS  and 
blocked  with  5%  normal  goat  serum  in  0.1%  PBS/BSA 
for  2  h  at  room  temperature,  then  incubated  overnight 
with  indicated  antibody  at  1:200-1:400  dilution  in  0.1% 
PBS/BSA.  The  following  day,  slides  were  incubated  with 
appropriate  secondary  antibody  at  room  temperature  for 
1  h,  followed  by  avidin-biotin  peroxidase  complexes  for 
1  h  at  room  temperature.  Finally,  slides  were  developed 
using  a  diaminobenzidine  substrate,  counterstained  with 
hematoxylin,  dehydrated  through  an  ascending  alcohol 
gradient,  cleared  in  xylene,  and  coverslipped  with 
Permount.  Images  were  collected  using  an  Olympus  BX61 
microscope  equipped  with  a  high  resolution  DP72  camera 
and  CellSense  image  capture  software. 

Statistical  analysis 

Significance  for  differences  between  experimental 
and  control  groups  was  determined  using  the  two-tailed 
Student’s  t-test  (Excel  8.0),  and  p  values  <  0.05  were 
considered  significant. 
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Kaposi  sarcoma-associated  herpesvirus  (KSHV)  is  a  principal  causative  agent  of  primary 
effusion  lymphoma  (PEL)  with  a  poor  prognosis  in  immunocompromised  patients. 
However,  it  still  lacks  effective  treatment  which  urgently  requires  the  identification  of 
novel  therapeutic  targets  for  PEL.  Here,  we  report  that  the  hepatocyte  growth  factor  (HGF)/ 
c-MET  pathway  is  highly  activated  by  KSHV  in  vitro  and  in  vivo.  The  selective  c-MET 
inhibitor,  PF-2341066,  can  induce  PEL  apoptosis  through  cell  cycle  arrest  and  DNA 
damage,  and  suppress  tumor  progression  in  a  xenograft  murine  model.  By  using 
microarray  analysis,  we  identify  many  novel  genes  that  are  potentially  controlled  by  HGF/ 
c-MET  within  PEL  cells.  One  of  the  downstream  candidates,  ribonucleoside-diphosphate 
reductase  subunit  M2  (RRM2),  also  displays  the  promising  therapeutic  value  for  PEL 
treatment.  Our  findings  provide  the  framework  for  development  of  HGF/c-MET-focused  therapy  and  implementation  of  clinical  trials 
for  PEL  patients.  (Stood.  2015;126(26):2821-2831) 

Introduction  _ 


Key  Points 


•  The  HGF/c-MET  pathway  has 
a  complex  network  to  control 
KSHV+  PEL  cell  survival. 

•  The  c-MET  inhibitor  induces 
PEL  apoptosis  and 
suppresses  tumor 
progression  in  vivo. 


The  oncogenic  Kaposi  sarcoma-associated  heipesvims  (KSHV)  is  a 
principal  causative  agent  of  several  human  cancers  including  primary 
effusion  lymphoma  (PEL),  which  arises  preponderantly  in  immuno¬ 
compromised  individuals,  particularly  AIDS  patients.1  PEL  usually 
comprises  transformed  B  cells  harboring  KSHV  episomes  and  presents 
as  pleural,  peritoneal,  and  pericardial  neoplastic  effusions,  although 
some  cases  of  extracavitary  solid  variants  of  PEL  have  been  reported 
recently.2"4  PEL  is  a  rare  but  aggressive  malignancy,  with  a  median 
survival  time  of  ~6  months  even  under  conventional  chemotherapy.5 
Furthermore,  the  myelosuppressive  effects  of  systemic  cytotoxic 
chemotherapy  synergize  with  those  caused  by  antiretroviral  therapy  or 
immune  suppression.5'6  Therefore,  it  is  an  urgent  need  to  identify 
novel  targets  that  can  guide  development  of  more  effective  therapeutic 
strategies  against  PEL. 

The  Met  proto-oncogene  encodes  the  receptor  tyrosine  kinase 
known  as  c-MET,  and  hepatocyte  growth  factor  (HGF)  is  the  only 
known  ligand  for  c-MET.7'8  After  its  discovery  in  the  mid-1980s,  the 
HGF/c-MET  pathway  has  gained  considerable  interest  related  to  a 
variety  of  cancers  due  to  the  diversity  of  the  cellular  responses  that 
follow  HGF/c-MET  pathway  activation.  HGF/c-MET  interactions 
activate  many  downstream  signaling  intermediates,  including  the 
mitogen-activated  protein  kinase,  phosphatidylinositol  3-kinase-AKT, 


v-src  sarcoma  (Schmidt-Ruppin  A-2)  viral  oncogene  homolog  (SRC), 
and  signal  transducer  and  activator  of  transcription.9'10  Moreover,  an 
intricate  network  of  cross-signaling  involving  the  c-MET-epidermal 
growth  factor  receptor,  c-MET-vascular  endothelial  growth  factor 
receptor,  and  c-MET-Wnt  pathways  has  also  been  reported  in  the  past 
few  y ears . 11 " 1 3  Such  cross-talk  evokes  a  variety  of  pleiotropic  biological 
responses  leading  to  increased  cell  proliferation,  survival,  migration/ 
invasion,  angiogenesis,  and  metastasis  in  cancer  cells.14  Deregulation 
and  the  consequent  aberrant  signaling  of  HGF/c-MET  may  occur  by 
different  mechanisms,  including  gene  amplification,  overexpression, 
activating  mutations,  increased  autocrine  or  paracrine  ligand-mediated 
stimulation,  and  interaction  with  other  active  cell  surface  receptors.15 
Because  of  its  pleotropic  role  in  cellular  processes  important  in 
oncogenesis  and  cancer  progression,  the  HGF/c-MET  pathway  may  be 
a  viable  target  for  anticancer  therapies.  Several  molecules  targeting 
HGF/c-MET  have  recently  been  evaluated  in  differential  phase  clinical 
trials,  including  small-molecule  inhibitors,  and  monoclonal  antibodies 
targeting  either  the  ligand  or  the  receptor.16"18 

Despite  this  knowledge,  roles  of  the  HGF/c-MET  pathway  in 
virus-associated  tumors  remain  largely  unclear.  For  KSHV-related 
malignancies,  only  1  study  reports  coexpression  of  HGF/c-MET  in  all 
of  the  KSHV4  PEL  tumors  tested  (9  PEL  cell  lines  and  4  primary 
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specimens),  whereas  it  was  restricted  to  1  of  34  high-grade  B-cell  non- 
Hodgkin  lymphomas  other  than  PEL  (P  <  .001;  x2  test).19  Other 
studies  report  the  coexpression  of  HGF/c-MET  in  some  cases  of 
diffuse  large  B-cell  lymphoma  and  Hodgkin  disease.20'21  However, 
the  biological  functions  of  the  HGF/c-MET  pathway  in  KSHV- 
infected  host  cells  and/or  tumor  cells  and  their  value  as  therapeutic 
“target”  have  not  yet  been  addressed.  Therefore,  in  the  present  study, 
we  will  determine  the  role  of  HGF/c-MET  in  PEL  pathogenesis  and 
underlying  regulatory  mechanisms  by  genomic  analysis.  We  will  also 
determine  whether  a  selective  c-MET  inhibitor,  PF-2341066,  can 
suppress  PEL  progression  in  an  established  xenograft  murine  model. 


Materials  and  methods 

Cell  culture  and  reagents 

The  PEL  cell-line  BCBL-1  (KSHV+/EBV~)  was  cultured  as  described 
previously  22  The  other  PEL  cell  lines  BC-1  (KSHV+/EBV+)  and  BCP-1 
(KSHV+/EBV-)  were  purchased  from  American  Type  Culture  Collection 
(ATCC).22  Human  umbilical  vein  endothelial  cells  (HUVECs)  were  grown  in 
Dulbecco  modified  Eagle  medium/F- 12  50/50  medium  (Cellgro)  supplemented 
with  5%  fetal  bovine  semm.  All  cells  were  cultured  at  37°C  in  5%  CO2.  All 
experiments  were  carried  out  using  cells  harvested  at  low  (<20)  passages. 
c-MET  inhibitor  PF-2341066  and  RRM2  inhibitor  3-aminopyridine-2- 
carboxaldehyde  thiosemicarbazone  (3-AP)  were  purchased  from  Selleck 
Chemicals  and  Sigma-Aldrich,  respectively. 

KSHV  purification  and  infection 

BCBL-1  cells  were  incubated  with  0.6  mM  valproic  acid  for  4  to  6  days,  and 
KSHV  was  purified  from  the  culture  supernatants  by  ultracentrifugation  at  20 
OOOg  for  3  hours,  4°C.  The  viral  pellet  was  resuspended  in  1/100  original  volume 
in  the  appropriate  culture  media,  and  aliquots  were  frozen  at  —  80°C.  HUVECs 
were  incubated  with  concentrated  virus  in  the  presence  of  8  jxg/mL  Polybrene 
(Sigma-Aldrich)  for  2  hours  at  37°C.  The  concentration  of  infectious  viral 
particles  used  in  each  experiment  (multiplicity  of  infection  [MOI])  was  calculated 
as  described  previously.23,24 

Cell  proliferation  assays 

Cell  proliferation  was  measured  by  using  the  WST- 1  assays  (Roche)  according  to 
the  manufacturer’s  instructions. 

Patients  and  ethics  statement 

The  study  was  approved  by  the  Institutional  Review  Boards  for  Human  Research 
(no.  8079)  at  Louisiana  State  University  Health  Science  Center-New  Orleans 
(LSUHSC-NO).  All  subjects  were  provided  written  informed  consent  in 
accordance  with  the  Declaration  of  Helsinki.  In  the  current  study,  a  total  of  27 
HTV+  patients  with  antiretroviral  treatment  in  our  HTV  Outpatient  (HOP)  Clinic 
are  involved.  There  were  14  women  and  13  men;  the  average  age  was  48. 1  years 
(range,  21-63  years).  The  average  CD4  T-cell  counts  were  530/mL  (range, 
35-1773/mL),  and  the  average  HIV  viral  loads  were  5833  copies  per  mL 
(range,  25-66681  copies  per  mL). 

Plasma  preparation 

Whole  blood  was  collected  in  heparin-coated  tubes,  and  plasma  was  isolated  by 
centrifugation.  The  KSHV  infection  status  was  determined  by  using  quantitative 
enzyme-linked  immunosorbent  assays  (ELISAs)  for  identifying  circulating 
immunoglobulin  G  (IgG)  antibodies  to  KSHV  proteins  (LANA  and  K8.1)  as 
previously  described.25,26 

Microarray 

BC-1,  BCP-1,  and  BCBL-1  cells  were  treated  with  vehicle  or  PL-2341066  (1.6 
|xM)  for  24  hours,  respectively.  Total  RNA  was  isolated  using  the  Qiagen 


RNeasy  kit  (Qiagen),  and  500  ng  of  total  RNA  was  used  to  synthesize  double- 
stranded  complementary  DNA.  Biotin-labeled  RNA  was  generated  using  the 
TargetAmp-Nano  Labeling  kit  for  Illumina  Expression  BeadChip  (Epicentre), 
according  to  the  manufacturer’ s  instructions,  and  hybridized  to  the  HumanHT- 1 2 
v4  Expression  BeadChip  (Illumina).27,28  The  microarray  experiments  were 
performed  twice  for  each  group  and  the  average  values  were  used  for  analysis. 
Common,  similar,  and  unique  sets  of  genes  and  enrichment  analysis  were 
performed  using  MetaCore  software  (Thompson  Reuters)  as  previously 
reported.29 

Flow  cytometry 

For  detection  of  c-MET  expression  on  the  cell  surface,  PEL  cells  were 
resuspended  in  3%  bovine  serum  albumin  in  IX  phosphate-buffered  saline 
(PBS),  incubated  on  ice  for  10  minutes,  then  incubated  with  primary 
antibodies  diluted  1/50  recognizing  c-MET  (Santa  Cruz  Biotechnology),  for 
an  additional  30  minutes.  Following  2  subsequent  wash  steps,  cells  were 
incubated  for  an  additional  30  minutes  with  goat  anti-rabbit  IgG  Alexa  647 
using  a  dilution  of  1/200  (Invitrogen).  Control  cells  were  incubated  with 
secondary  antibodies  only.  Cells  were  then  resuspended  in  IX  PBS  prior 
to  analyses.  Data  were  collected  using  a  FACSCalibur  4-color  flow 
cytometer  (BD  Biosciences)  and  FlowJo  software  (TreeStar).  For 
apoptosis  assays,  the  fluorescein  isothiocyanate- Annexin  V  and  propidium 
iodide  (PI)  Apoptosis  Detection  kit  I  (BD  Pharmingen)  was  used.26  For  cell 
cycle  analysis,  PEL  cell  pellets  were  fixed  in  70%  ethanol,  and  incubated  at 
4°C  overnight.  Cell  pellets  were  resuspended  in  0.5  mL  of  0.05  mg/mL  PI 
plus  0.2  mg/mL  RNaseA  and  incubated  at  37°C  for  30  minutes.  Cell  cycle 
distribution  was  analyzed  on  a  FACSCalibur  4-color  flow  cytometer  (BD 
Biosciences). 

ELISA 

Concentrations  of  HGF  in  culture  supernatants  were  determined  using  the 
human  HGF  ELISA  kit  (R&D  Systems),  according  to  the  manufacturer’s 
instructions. 

Immunoblotting 

Total  cell  lysates  (30  |xg)  were  resolved  by  10%  sodium  dodecyl  sulfate- 
polyacrylamide  gel  electrophoresis,  transferred  to  nitrocellulose  membranes, 
and  immunoblotted  using  100  to  200  |xg/mL  antibodies  to  cleaved  caspase 
3/9,  phosphor  (p)-ERK/total  (t)-ERK,  p-c-MET/t-c-MET,  p-ALK/t-ALK,  p- 
ROS  1/t-ROS  1 ,  p-Cdc2,  p-Chkl/2,  p-Rb,  Cyclin  A2,  Cyclin  B 1 ,  Mytl ,  p-H2A. 
X/t-H2A.X,  and  p-p53/t-p53  (Cell  Signaling).  For  loading  controls,  blots 
were  incubated  with  antibodies  detecting  (3-actin  (Sigma-Aldrich).  Immuno- 
reactive  bands  were  developed  using  an  enhanced  chemiluminescence  reaction 
(PerkinElmer)  and  visualized  by  autoradiography. 

Immunofluorescence  assays 

Cells  were  incubated  in  1:1  methanol-acetone  at  —  20°C  for  fixation  and 
permeabilization.  After  blocking,  cells  were  then  incubated  for  1  hour  at  25 °C 
with  a  1/100  dilution  of  a  mouse  anti-p-p53  antibody  or  a  rabbit  anti-p-H2A.X 
antibody  (Cell  Signaling)  followed  by  a  1/200  dilution  of  a  goat  anti-mouse  or 
goat  anti-rabbit  secondary  antibody  conjugated  with  Texas  Red  (Invitrogen), 
respectively.  For  identification  of  nuclei,  cells  were  subsequently  counter- 
stained  with  0.5  fxg/  mL  4 '  ,6-diamidino-2-pheny  lindole  (DAPI;  Sigma-Aldrich) 
in  180  mM  Tris-HCl  (pH  7.5). 

CometAssay 

The  DNA  damage  was  evaluated  by  using  the  reagent  kit  for  single  cell  gel 
electrophoresis  assay/Comet Assay  (Trevigen),  according  to  the  manufacturer’s 
instructions.  The  slides  were  viewed  by  using  epifluorescence  microscopy. 

RNA  interference 

For  RNA  interference  (RNAi)  assays,  ON-TARGET  plus  SMART  pool 
small  interfering  RNA  (siRNA)  for  RRM2  (Dharmacon),  or  negative 
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Figure  1.  KSHV  activates  the  HGF/c-MET  pathway  in  vitro  and  in  vivo.  (A)  Four  KSHV+  PEL  cell  lines  were  incubated  with  a  monoclonal  antibody  recognizing  the 
extracellular  domain  of  c-MET  (black  line)  or  isotype  antibody  as  a  negative  control  (gray  line),  followed  by  a  secondary  antibody  conjugated  to  Alexa  647.  Surface  expression 
of  c-MET  was  quantified  using  flow  cytometry.  (B-C)  HUVECs  were  infected  by  purified  KSHV  (MOI  =  10),  and  the  supernatant  and  cell  lysates  were  collected  at  indicated 
time  points.  HGF  concentrations  in  supernatant  were  determined  by  ELISA  and  protein  expression  was  measured  by  immunoblots.  Error  bars  represent  the  S.E.M.  for  3 
independent  experiments.  *P  <  .01.  (D)  The  HGF  concentrations  in  plasma  from  cohort  HIV-infected  patients  were  determined  by  ELISA,  and  KSHV  infection  status  was 
determined  by  using  ELISAs  for  identifying  circulating  IgG  antibodies  to  KSHV  proteins  as  described  in  “Methods.”  S.E.M.,  standard  error  of  the  mean. 


control  siRNA,  were  delivered  using  the  DharmaFECT  transfection  reagent 
according  to  the  manufacturer’s  instructions. 

Quantitative  reverse  transcription-polymerase  chain  reaction 

Total  RNA  was  isolated  using  the  RNeasy  Mini  kit  according  to  the 
manufacturer’s  instructions  (QIAGEN).  Complementary  DNA  was  synthesized 
from  equivalent  total  RNA  using  the  Superscript  III  First-Strand  Synthesis 
SuperMix  kit  (Invitrogen).  Primers  used  for  amplification  of  target  genes  are 
displayed  in  supplemental  Table  1  (available  on  the  Blood  Web  site). 
Amplification  was  carried  out  using  an  iCycler  IQ  Real-Time  PCR  Detection 
System,  and  calculated  using  automated  iQ5  2.0  software  (Bio-rad). 

PEL  xenograft  model 

Aliquots  of  107  BCBL-1  cells  were  diluted  in  200  |_lL  of  sterile  PBS,  and  6-  to  8- 
week-old  male  nonobese  diabetic/severe-combined  immunodeficiency  (NOD/ 
SCID)  mice  (The  Jackson  Laboratory)  received  intraperitoneal  (i.p.)  injections 
with  a  single-cell  aliquot.  The  PF-2341066  (20  mg/kg  body  weight),  or  vehicle 


alone,  was  administered  using  an  insulin  syringe  for  i.p.  injection.  Drug  was 
administered  either  24  hours  or  28  days  (allowed  to  establish  tumor  expansion) 
after  BCBL-1  injection,  once  daily  for  5  days  per  week.  Two  experiments,  with 
10  mice  per  group  for  each  experiment,  were  performed.  The  PEL  expansion  in 
vivo  was  confirmed  by  testing  the  expression  of  cell  surface  markers  including 
CD45,  CD  138,  EMA,  and  viral  protein  LANA  in  nuclear  within  ascites  tumor 
cells,  using  immunofluorescence  assay  and  flow  cytometry  as  described  in  our 
previous  publications.22  Weights  were  recorded  weekly  as  a  surrogate  measure 
of  tumor  progression,  and  ascites  fluid  volumes  were  tabulated  for  individual 
mice  at  the  completion  of  each  experiment.  All  protocols  were  approved  by  the 
Louisiana  State  University  Health  Science  Center  Animal  Care  and  Use 
Committee  in  accordance  with  national  guidelines  (no.  3237). 

Statistical  analyses 

Significance  for  differences  between  experimental  and  control  groups  was 
determined  using  the  2-tailed  Student  t  test  (Excel  8.0).  The  50%  inhibitory 
concentration  (IC50)  was  calculated  by  using  SPSS  20.0. 
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Figure  2.  The  c-MET-selective  inhibitor  PF-2341066  induces  dose-dependent  apoptosis  for  KSHV+  PEL  cells.  (A-B)  A  total  of  4  PEL  cell  lines  were  incubated  with  the 
indicated  concentrations  of  PF-2341066  for  24  hours,  then  cell  apoptosis  was  quantified  by  Annexin  V-PI/flow  cytometry.  BCBL-1  was  shown  as  an  example  for  the  cell 
subpopulation  diagram  in  panel  A.  (C)  The  HGF  concentrations  in  supernatant  were  determined  by  ELISA.  Error  bars  represent  the  S.E.M.  for  3  independent  experiments. 
*P  <  .01 .  (D)  The  protein  expression  in  BCBL-1  was  measured  by  immunoblots. 


Results 

KSHV  activates  the  HGF/c-MET  pathway  in  vitro  and  in  vivo 

By  using  flow  cytometry  analysis,  we  first  confirmed  the  expression  of 
c-MET  on  the  cell  surface  of  4  KSHV+  PEL  cell  lines  (BCBL- 1 ,  BCP- 1 , 
BC-1,  and  BC-3)  (Figure  1A),  which  is  consistent  with  those  reported 
previously. 1 9  To  further  identify  the  ability  of  KSHV  activating  the  HGF/ 
c-MET  pathway  in  vitro,  we  found  that  KSHV  de  novo  infection  greatly 
induced  HGF  production  and  the  phosphorylation  of  c-MET  from 
HUVECs  in  a  time-course  manner  (Figure  1B-C).  To  explore  the  clinical 
relevance  of  HGF  production  within  HIV-infected  patients,  we  tested 
plasma  HGF  levels  by  ELISA  in  a  small  collection  of  our  cohort  HIV- 
infected  patients  with  or  without  KSHV  coinfection.  KSHV  infection 
status  in  these  patients  was  determined  as  described  previously.25'26  We 
found  that  the  KSHV +  group  (n  =  15)  had  higher  plasma  HGF 
concentrations  than  those  from  the  KSHV-  group  (n  =  12)  of  these  HIV  - 
infected  patients  (Figure  ID).  Taken  together,  our  data  strongly  support 
the  activation  of  the  HGF/c-MET  pathway  by  KSHV  in  vitro  and  in  vivo. 

c-MET  inhibitor  induces  apoptosis  for  KSHV+  PEL  cells 
potentially  through  causing  cell  cycle  arrest  and  DNA  damage 

We  next  sought  to  understand  the  role  of  the  HGF/c-MET  pathway  in 
PEL  tumor  cell  survival/growth.  Our  data  indicated  that  targeting  HGF/ 


c-MET  by  PF-2341066,  a  selective  small-molecular  c-MET  inhibitor, 
induced  significant  apoptosis  for  all  the  4  KSHV5  PEL  cell  fines  we 
tested,  in  a  dose-dependent  manner  (Figure  2 A-B ) .  By  using  the  WST- 1 
assays,  we  found  that  PF-2341066  effectively  reduced  cell  pro¬ 
liferation  for  these  PEL  cell  lines  (supplemental  Figure  1).  Moreover, 
PF-2341066  treatment  greatly  reduced  HGF  production  from  these 
lymphoma  cells,  although  the  underlying  mechanisms  remain  unclear 
(Figure  2C).  By  using  immunoblots,  we  found  that  PF-2341066 
treatment  increased  the  expression  of  cleaved-caspase  3  and  9, 
while  reducing  phosphor-c-MET  and  downstream  phosphor- 
ERK  (Figure  2D).  To  seek  the  potential  mechanisms  involved  in 
c-MET  inhibitor-induced  PEL  apoptosis,  we  found  that  PF-2341066 
obviously  caused  cell  cycle  G2/M  arrest  when  compared  with  vehicle 
control  by  flow  cytometry  analysis  (Figure  3A).  Further  analysis 
indicated  that  PF-2341066  affected  the  expression  of  several 
checkpoint  regulatory  proteins  (positive/negative),  increasing  Mytl, 
phosphor-Cdc2/Chkl  /Chk2,  while  reducing  Cyclin  A2,  Cyclin  B 1 ,  and 
phosphor-Rb  from  BCBL-1  cells  (Figure  3B).  Interestingly,  we  found 
that  PF-2341066  treatment  also  caused  obvious  DNA  damage  of  PEL 
cells,  as  indicated  by  CometAssay  and  the  upregulation  of  DNA 
damage  markers  phosphor-p53  and  phosphor-H2A.X  but  not  the  total 
protein  levels,  respectively  (Figure  3C-E).  We  have  previously  shown 
that  several  small-molecule  compounds  induced  by  PEL  apoptosis  are 
connected  to  reactivate  KSHV  lytic  gene  expression.30,31  However, 
here  we  only  found  a  slight  increase  of  viral  latent/lytic  gene  expression 
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Figure  3.  Targeting  HGF/c-MET  causes  G2/M  cell  cycle  arrest  and  DNA  damage  in  KSHV+  PEL  cells.  (A)  PEL  cells  were  incubated  with  0.4  , ' M  PF-2341066  or  vehicle 
control  for  24  hours,  then  stained  by  PI  and  analyzed  by  flow  cytometry.  (B-D)  The  protein  expression  and  DNA  damage  in  BCBL-1  were  measured  by  immunoblots  and 
CometAssay,  respectively.  (E)  The  cellular  expression  of  DNA  damage  markers  phosphor-p53  and  phosphor-H2A.X  was  detected  by  immunofluorescence,  and  the  nuclear 
was  shown  by  DAPI  staining. 


(but  with  no  statistical  significance)  within  PF-2341066-treated 
BCBL-1  cells  (supplemental  Figure  2). 

c-MET  inhibitor  suppresses  PEL  tumor  progression  in  vivo 

Next,  we  sought  to  determine  whether  PF-2341066  has  the  capacity  to 
suppress  PEL  tumor  growth  in  vivo  using  an  established  xenograft 
murine  model.22  We  administered  PF-2341066  (or  vehicle)  i.p.  within 
24  hours  of  BCBL-1  cell  injection  and  for  a  5-week  treatment.  We 
found  that  PF-2341066  treatment  dramatically  suppressed  PEL  tumor 
progression  including  reducing  ascites  formation  and  spleen  enlarge¬ 
ment  over  this  time  frame  (Figure  4A-C).  By  using  hematoxylin-and- 
eosin  staining,  we  observed  huge  tumor  infiltration  into  the  spleen  of 
vehicle-treated  mice,  whereas  only  small  tumor  nodules  were  dispersed 
in  the  spleen  of  PF-2341066-treated  mice  (Figure  4D).  By  using 
immunohistochemistry  staining,  we  further  demonstrated  the  dramat¬ 
ically  reduced  expression  of  phosphor-c-MET  and  phosphor-ERK 
within  spleen  tissues  from  PF-2341066-treated  mice,  when  com¬ 
pared  with  those  from  vehicle-treated  mice  (Figure  4E).  Additional 
experiments  were  conducted  wherein  PF-2341066  therapy  was 
initiated  following  establishment  of  PEL  tumor  expansion  in  mice 
(beginning  28  days  after  BCBL-1  cell  injection).  Using  this  approach, 
PF-2341066-treated  mice  still  exhibited  significant  regression  of  PEL 


tumor  burden  relative  to  vehicle-treated  mice  (Figure  4F-G),  and 
almost  no  ascites  were  found  in  these  mice  after  3-week  treatment 
(Figure  4H). 

Microarray  analysis  of  the  HGF/c-MET  controlled  network 
within  KSHV+  PEL  cells 

There  is  a  complex  network  for  HGF/c-MET  within  cancer  cells,9'13 
although  it  still  remains  completely  unknown  to  KSHV  1  PEL  cells. 
Therefore,  we  used  the  HumanHT-12  v4  Expression  BeadChip 
(Illumina)  which  contains  >47  000  probes  derived  from  the  NCB1 
RefSeq  Release  38  and  other  sources  to  study  the  gene  profile  altered 
between  vehicle-  or  PF-2341066-treated  3  KSHV+  PEL  cell  lines 
(BCBL-1,  BC-1,  and  BCP-1).  Intersection  analysis  indicated  that 
there  were  51  common  genes  significantly  altered  within  all  3  PF- 
2341066-treated  cell  lines  (up/down  at  least  twofold  andP  <  .05). 
There  were  20  similar  genes  altered  between  BCBL-1  and  BC-1.  188 
similar  between  BCBL-1  and  BCP-1,  and  13  similar  between  BC-1 
and  BCP-1;  282  genes  altered  were  unique  to  BCBL-1,  148  unique  to 
BCP- 1 ,  and  52  unique  to  BC- 1  (Figure  5 A).  Within  the  common  gene 
set,  the  top  10  upregulated  and/or  downregulated  candidate  genes  in 
PF-2341066-treated  BCP-1,  BC-1,  and  BCBL-1  cell  lines  are  listed  in 
Table  1,  respectively,  including  gene  description  and  the  altered  level 
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Figure  4.  The  c-MET  inhibitor  PF-2341066  suppresses  PEL  progression  in  vivo.  (A-C)  NOD/SCID  mice  were  injected  i.p.  with  107  BCBL-1  cells.  Beginning  24  hours  later, 
20  mg/kg  PF-2341066  or  vehicle  (n  =  10  per  group)  were  administered  i.p.,  once  daily,  5  days  per  week,  for  each  of  2  independent  experiments.  Weights  were  recorded  weekly. 
Images  of  representative  animals  and  their  spleens,  as  well  as  ascites  fluid  volumes,  were  collected  at  the  conclusion  of  experiments  on  day  35.  (D-E)  Spleens  from  representative 
vehicle-  or  PF-234 1 066-  -treated  mice  were  prepared  for  routine  hematoxylin-and-eosin  or  immunohistochemistry  staining.  (F-H)  NOD/SCID  mice  were  injected  i.p.  with  107  BCBL-1 
cells.  Beginning  28  days  later,  20  mg/kg  PF-2341066  or  vehicle  (n  -  10  per  group)  were  administered  i.p.,  once  daily,  5  days  per  week.  Images  of  representative  animals  and  their 
spleens,  as  well  as  ascites  fluid  volumes,  were  collected  at  the  conclusion  of  experiments  on  day  49.  Error  bars  represent  the  S.E.M.  for  1  of  2  independent  experiments;  *P  <  .01 . 


of  transcription  in  these  3  cell  lines.  Interestingly,  we  found  that  the 
functional  role  of  most  genes  in  PEL  pathogenesis  has  never  been 
reported,  although  some  of  them  have  been  implicated  in  other  types  of 
malignancies.  For  example,  Mucin-1  (MUC1)  is  a  known  tumor 
antigen  and  aberrantly  overexpressed  in  various  cancers  with  loss  of  its 
apical  polarity.32  34  In  addition,  numerous  cellular  proteins  impli¬ 
cated  with  MUC1  are  involved  in  the  malignancy  of  cancer  cells 
and  their  resistance  to  chemotherapy.35  Notably,  we  found  that  some 
nuclear  small  RNA  transcripts  such  as  RN7SK,  RNU1-4,  RNVU1-18 , 
and  RNU1-1  are  upregulated  in  PF-234 1066-treated  PEL  cells 


(Table  1),  although  their  contributions  to  PEL  growth  and 
pathogenesis  remain  unclear. 

We  next  selected  4  genes  from  the  top  10  upregulated  or 
downregulated  candidate  list  (Table  1)  for  validation  of  their 
transcriptional  change  by  quantitative  reverse  transcription- 
polymerase  chain  reaction  (qRT-PCR),  respectively.  Our  results 
indicated  that  all  4  genes  ( RRM2 ,  MUC1,  TYMS ,  and  FBX05)  were 
significantly  downregulated  in  PF-234 1 066-treated  PEL  cells  when 
compared  with  vehicle-treated  control,  whereas  another  4  genes 
(HMGCS1 ,  MSMOl ,  HMGCR,  and  PIK3IP1)  were  all  significantly 
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Figure  5.  Microarray  analysis  of  gene  profile  altered  within  PF-2341 066-treated  PEL  cell  lines.  (A)  The  HumanHT-12  v4  Expression  BeadChip  (lllumina)  was  used  to 
detect  gene  profile  altered  within  PF-2341 066-treated  PEL  cell  lines  (BCBL-1,  BC-1,  and  BCP-1)  when  compared  with  vehicle-treated  control.  Intersection  analysis  of 
significantly  altered  genes  (up/down  at  least  twofold  and  P  <  .05)  was  performed  using  lllumina  GenomeStudio  software.  Set  I:  Common  genes  altered  in  all  the  3  cell  lines. 
Set  II:  Similar  genes  altered  in  every  2  cell  lines.  Set  III:  Unique  genes  altered  in  each  cell  line.  (B-C)  The  transcriptional  levels  of  selected  4  candidate  genes  downregulated 
(B)  or  upregulated  (C)  as  shown  in  microarray  data  were  validated  by  using  qRT-PCR,  respectively.  Error  bars  represent  the  S.E.M.  for  3  independent  experiments.  (D-F)  The 
enrichment  analysis  of  gene  profile  (common,  similar,  and  unique  set  as  indicated)  significantly  altered  by  c-MET  inhibitor  was  performed  using  the  MetaCore  software 
(Thompson  Reuters)  modules:  Pathway  Maps  (D),  Gene  Ontology  Processes  (E),  and  Process  Networks  (F). 


upregulated  in  PF-2341 066-treated  PEL  cells  (Figure  5B-C). 
Moreover,  the  altered  transcriptional  levels  of  these  genes  in  all 
3  KSHV+  PEL  cell  lines  were  comparable  to  those  found  in 
microarray  data,  demonstrating  the  credibility  of  our  microarray 


analysis.  We  also  performed  enrichment  analysis  of  these 
common,  similar,  and  unique  sets  of  genes  using  the  Pathway  Map, 
Gene  Ontology  (GO)  Processes,  and  Process  Network  modules  from 
Metacore  software  (Thompson  Reuters).29  Our  analysis  showed  that 
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Table  1.  The  top  10  “common”  candidate  genes  downregulated  or  upregulated  within  PF-2341066-treated  3  KSHV+  PEL  cell  lines 


Gene  symbol 

Description 

BCP-1 

Fold  change 

BC-1 

BCBL-1 

RRM2 

Ribonucleoside-diphosphate  reductase  subunit  M2 

0.38 

0.41 

0.21 

MU  Cl 

Mucin-1 

0.53 

0.26 

0.32 

POLE2 

DNA  polymerase  e  subunit  2 

0.39 

0.47 

0.26 

TMEM106C 

Transmembrane  protein  106C 

0.43 

0.5 

0.29 

FAM81A 

Protein  FAM81A 

0.46 

0.5 

0.3 

CHAC2 

Cation  transport  regulator-like  protein  2 

0.54 

0.43 

0.34 

TYMS 

Thymidylate  synthase 

0.42 

0.52 

0.39 

FBX05 

F-box  only  protein  5 

0.51 

0.48 

0.36 

ASPM 

Abnormal  spindle-like  microcephaly-associated 
protein 

0.3 

0.54 

0.55 

DPAGT1 

UDP-N-acetylglucosamine-dolichyl-phosphate 

N-acetylglucosaminephosphotransferase 

0.52 

0.54 

0.33 

RN7SK 

RNA,  7SK  small  nuclear  transcript 

5.56 

5.1 

20.15 

HMGCS1 

Hydroxymethylglutaryl-CoA  synthase,  cytoplasmic 

8.11 

4.03 

4.03 

RNU1-4 

RNA,  U1  small  nuclear  4  transcript 

2.47 

4.49 

7.84 

RNVU1-18 

RNA,  variant  U1  small  nuclear  18  transcript 

2.2 

4.36 

7.43 

SNORD3A 

Small  nucleolar  RNA,  C/D  box  3A  transcript 

3.01 

5.24 

3.98 

RNU1-1 

RNA,  U1  small  nuclear  1  transcript 

2.15 

3.11 

6.4 

MSMOI 

Methylsterol  monooxygenase  1 

5.42 

2.23 

2.13 

PPP1R15A 

Protein  phosphatase  1  regulatory  subunit  15A 

1.86 

3.58 

4.05 

HMGCR 

3-hydroxy-3-methylglutaryl-coenzyme  A  reductase 

3.66 

2.46 

3.34 

PIK3IP1 

Phosphoinositide-3-kinase-interacting  protein  1 

3.31 

3.07 

3.03 

several  major  cellular  functions  were  affected  within  PF-2341066- 
treated  PEL  cells,  including  the  apoptosis/ER  stress  response  pathway, 
epigenetic  regulation  of  gene  expression,  cell  cycle/checkpoint,  and 
DNA  damage-related  proteins  (Figure  5D-F).  The  top  2  scored 
pathway  maps  and  protein  networks  based  on  the  enrichment  analysis 
of  “common”  gene  set  were  also  listed  in  supplemental  Figures  3  and  4, 
respectively. 

Targeting  RRM2  induces  PEL  apoptosis  through  increasing 
DNA  damage 

We  next  selected  ribonucleoside-diphosphate  reductase  subunit  M2 
(RRM2),  1  of  the  significant  downregulated  genes  in  PF-2341066- 
treated  PEL  cells  from  microarray  data,  to  determine  its  role  in  PEL 
pathogenesis.  Actually,  ribonucleoside-diphosphate  reductase  (RR) 
is  an  attractive  target  for  anticancer  agents  given  its  central  function 
in  DNA  synthesis,  growth,  metastasis,  and  drug  resistance  of  cancer 
cells.36  Fluman  RR  is  composed  of  a  subunits  (RRM 1 )  that  contain  the 
catalytic  site  and  2  binding  sites  for  enzyme  regulators  and  (3  subunits 
(RRM2)  with  a  binuclear  iron  cofactor  that  generates  the  stable  tyrosyl 
radical  necessary  for  catalysis.37  Here,  we  found  that  direct  silence  of 
RRM2  by  RNAi  induced  caspase-dependent  apoptosis  within  KSHV  h 
PEL  cells  (BCBL-1  and  BCP-1),  potentially  through  increasing  DNA 
damage  (Figure  6A-C;  supplemental  Figure  5).  Furthermore,  a  selective 
RR  inhibitor,  3-AP,38  also  induced  dose-dependent  apoptosis  and 
increased  DNA  damage  by  CometAssay  and  the  expression  of 
phosphor-H2A.X  and  phosphor-p53  but  not  the  total  proteins  from 
KSHV+  PEL  cells  (Figure  6D-F).  These  data  indicate  that  RRM2  may 
also  represent  a  promising  target  for  development  of  anti-PEL  agents. 


Discussion 

In  recent  years,  the  HGF/c-MET  pathway  has  become  an  attractive 
target  for  development  of  anticancer  chugs  in  a  variety  of  solid  tumors. 


In  contrast  to  this,  little  is  known  about  the  biological  functions  and 
therapeutic  value  of  the  HGF/c-MET  pathway  in  virus-related 
malignancies  such  as  PEL.  To  our  knowledge,  this  is  the  first  article  to 
report  that  activation  of  the  HGF/c-MET  pathway  is  essential  for 
KSHV  1  PEL  cell  survival  and  that  targeting  this  pathway  successfully 
suppresses  PEL  progression  in  vivo.  Interestingly,  PF-2341066  has 
been  shown  as  the  inhibitor  to  several  other  receptor  tyrosine  kinases 
such  as  ALK  and  ROS 1  in  different  types  of  cancer  cells  including 
anaplastic  large-cell  lymphoma  and  non-small-cell  lung  cancer.39'40 
However,  our  immunoblots  data  indicate  that  the  PEL  cell  lines  we 
tested  including  BCBL-1  and  BCP-1  do  not  express  the  p-ALK 
(Tyrl604),  t-ALK,  p-ROSl  (Tyr2274),  or  t-ROSl  reported  in  these 
previous  studies,39'40  implying  that  these  KHSV  4  PEL  cell  lines  may 
have  unique  expressional  patterns  of  receptor  tyrosine  kinases  (data 
not  shown). 

One  of  the  remaining  questions  is  the  underlying  mechanisms 
through  which  the  HGF/c-MET  pathway  is  activated  in  PEL  cells. 
Previous  studies  have  reported  some  activating  mutations  of  c-MET  in 
non-small-cell  lung  cancer,  hereditary  and  spontaneous  renal  carcino¬ 
mas,  hepatocellular  carcinomas,  gliomas,  gastric,  squamous  cell 
carcinoma  of  the  head  and  neck,  and  breast  cancers.41-46  Potentially 
oncogenic  mutations  involve  mainly:  (1)  point  mutations  that  generate 
an  alternative  splicing  encoding  a  shorter  protein  that  lacks  exon  14, 
which  encodes  forthe  juxtamembrane  domain  of  c-MET43'47;  (2)  point 
mutations  in  the  kinase  domain  that  render  the  enzyme  constitutively 
active44;  and  (3)  Y1003  mutations  that  inactivate  the  Cbl-binding  site 
leading  to  constitutive  c-MET  expression  48-50  Therefore,  we  are  now 
working  on  whether  these  similar  mutations  are  also  present  in  the 
c-MET  sequence  from  KSHV4  PEL  cell  lines  and/or  primary 
specimens,  resulting  in  constitutive  activation  of  this  pathway.  In 
addition,  we  are  interested  in  understanding  which  viral  proteins  (latent 
and/or  lytic)  are  responsible  for  activating  HGF/c-MET  from  PEL  cells 
in  future  study. 

Our  data  indicate  that  c-MET  inhibitor-induced  PEL  apoptosis  is 
potentially  through  increasing  DNA  damage  and  regulation  of  some 
DNA  damage/repair-related  proteins  such  as  RRM2  (see  discussion 
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Figure  6.  Directly  targeting  RRM2  induces  PEL  apoptosis  through  causing  DNA  damage.  (A)  BCP-1  and  BCBL-1  were  transfected  with  either  negative  control  siRNA 
(n-siRNA)  or  RRM2-s\RNA  for  48  hours,  then  cell  apoptosis  was  assessed  using  Annexin  V-PI  staining  and  flow  cytometry  analysis.  (B-C)  Protein  expression  was  measured 
by  immunoblots  and  immunofluorescence,  respectively.  (D-E)  Cells  were  treated  with  indicated  concentrations  of  RRM2  inhibitor,  3-AP,  for  24  hours,  then  cell  apoptosis  and 
protein  expression  were  measured  as  described  in  “Materials  and  methods."  Error  bars  represent  the  S.E.M.  for  3  independent  experiments;  *P  <  .01 .  (F)  Cells  were  treated 
with  5  pM  3-AP  for  24  hours,  then  DNA  damage  was  evaluated  by  using  the  CometAssay. 


below).  Interestingly,  our  recent  data  showed  that  silencing  of  1  DNA 
damage-related  gene,  XRCC5  (x-ray  repair  cross-complementing 
protein  5,  also  known  as  Ku80)  enhanced  the  induction  of  apoptosis  and 
programmed  cell  death  by  low-dose  concentrations  of  DNA-damage 
reagents  such  as  doxorubicin.28  In  fact,  it  has  been  reported  recently  that 
KSHV  can  activate  the  DNA  damage  response  during  de  novo 
infection  of  primary  endothelial  cells  and  this  plays  a  role  in 
establishing  latency.5 1  More  recently,  it  has  been  demonstrated 
that  lytic  reactivation  of  KSHV  leads  to  activation  of  the  ataxia 
telangiectasia  mutated  (ATM)  and  DNA-dependent  protein 
kinase  DNA  damage  response  kinases.52  Inhibition  of  ATM 
results  in  the  reduction  of  overall  levels  of  viral  replication 
whereas  inhibition  of  DNA-dependent  protein  kinase  increases 
activation  of  ATM  and  leads  to  earlier  viral  release.52  However, 
our  data  indicate  that  targeting  HGF/c-MET  by  PF-2341066  does 
not  cause  robust  viral  lytic  gene  expression,  implying  that 
PF-2341066-induced  DNA  damage  is  potentially  through  other 
mechanisms. 

By  using  microarray  analysis,  we  found  that  many  downstream 
genes  are  altered  in  PF-2341066-treated  PEL  cells  when  compared 
with  vehicle-treated  control,  although  the  roles  of  most  of  them  in  PEL 
pathogenesis  remain  unknown.  One  of  candidate  genes,  RRM2,  was 
found  significantly  downregulated  in  PF-2341066-treated  PEL  cells 


from  the  microarray  data  and  subsequently  validated  by  qRT-PCR.  In 
fact,  normal  cells  with  a  low  proliferative  status  express  very  low  levels 
of  RR,  whereas  neoplastic  cells  overexpress  RR  to  manufacture  dNTP 
pools  to  support  DNA  synthesis  and  proliferation.36  Therefore,  RR, 
especially  the  RRM2  subunit,  is  an  important  target  for  anticancer 
agents.  Our  data  indicate  that  directly  targeting  RRM2  by  either  RNAi 
or  the  pharmacological  inhibitor,  3-AP,  greatly  induces  PEL  apoptosis 
through  increasing  DNA  damage,  3-AP  is  now  used  in  clinical  trials  for 
a  variety  of  advanced-stage  solid  tumors.53-55  Toxicities  reported  from 
the  phase  1  trial  were  hypoxia,  respiratory  distress,  and  methemoglo- 
bulinemia,  apparently  due  to  iron  chelation  in  the  red  blood  cells  of  the 
patients.56  Recently,  Zhou  et  al  have  developed  a  novel  potent  RR 
inhibitor,  COH29,  by  using  structure-  and  mechanism-based  ap¬ 
proaches,  which  displays  a  broad  antitumor  potential.36  Therefore, 
future  work  will  focus  on  testing  whether  these  RR  inhibitors  have 
antitumor  effects  by  using  our  PEL  xenograft  model. 
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ABSTRACT 

Kaposi's  sarcoma-associated  herpesvirus  (KSHV)  is  the  etiologic  agent  for  several 
human  cancers  including  primary  effusion  lymphoma  (PEL),  a  rapidly  progressive 
malignancy  arising  preferentially  in  immunocompromised  patients.  With  conventional 
chemotherapy,  PEL  continues  to  portend  high  mortality,  dictating  the  development 
of  novel  therapeutic  strategies.  Sphingosine  kinase  2  (SphK2)  represents  a  key 
gatekeeper  for  sphingolipid  metabolism,  responsible  for  conversion  of  ceramides  to 
sphingosine-l-phosphate  (SIP).  We  have  previously  demonstrated  that  targeting 
SphK2  using  a  novel  selective  inhibitor,  ABC294640,  leads  to  intracellular  accumulation 
of  ceramides  and  induces  apoptosis  for  KSHV-infected  PEL  cells,  while  suppressing 
tumor  progression  in  vivo.  In  the  current  study,  we  sought  to  determine  whether 
specific  ceramide/dh-ceramide  species  and  related  ceramide  synthases  (CerS)  impact 
viability  for  KSHV-infected  PEL  cells  during  targeting  of  SphK2.  We  found  that  several 
specific  ceramide  and  dihydro(dh)-ceramide  species  and  their  associated  CerS  reduce 
PEL  survival  and  tumor  expansion  in  vitro  and  in  vivo.  Moreover,  we  found  that  dhC16- 
Cer  induces  PEL  apoptosis  in  part  through  activation  of  KSHV  lytic  gene  expression. 

These  data  further  implicate  bioactive  sphingolipids  in  regulation  of  PEL  survival,  and 
provide  justification  for  future  studies  evaluating  clinically  relevant  ceramide  analogs 
or  mimetics  for  their  potential  as  therapeutic  agents  for  PEL. 

INTRODUCTION  regulating  the  fluidity  and  subdomain  structure  of  lipid 

bilayers  [1,2].  Ceramides  are  composed  of  a  sphingosine 
Sphingolipids  are  a  family  of  membrane  lipids  base  and  amide-linked  acyl  chains  of  varied  length 
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[3],  Endogenous  ceramide  can  be  generated  via  de 
novo  synthesis  by  ceramide  synthases  (CerS)  [4,  5],  or 
through  the  metabolism  of  other  complex  sphingolipids 
regulated  by  specialized  enzymes  [1,  2,  6].  Ceramides  are 
hydrolyzed  to  generate  sphingosine  which  is  subsequently 
phosphorylated  by  one  of  two  sphingosine  kinase 
isoforms  (SphKl  or  SphK2)  to  generate  sphingosine- 
1-phosphate  (SIP)  [1,  7-9].  Bioactive  sphingolipids, 
including  ceramides  and  SIP,  act  as  signaling  molecules  to 
regulate  apoptosis  and  tumor  cell  survival  [1].  In  contrast 
to  the  anti-apoptotic  function  of  SIP,  most  endogenous 
long-chain  ceramides  are  thought  to  induce  cell  death 
preferentially  [7].  Over  the  past  two  decades,  targeting 
bioactive  sphingolipids  has  evolved  as  a  promising 
therapeutic  approach  for  cancer  treatment  [10]. 

A  significant  proportion  of  human  cancers  are 
attributable  to  viruses,  including  the  Kaposi’s  sarcoma- 
associated  herpesvirus  (KSHV)  [11].  KSHV  is  a  common 
etiologic  agent  for  cancers  arising  preferentially  in  the 
setting  of  HIV  infection  or  organ  transplantation,  including 
primary  effusion  lymphoma  (PEL)  and  Kaposi’s  sarcoma 
(KS)  [12-15].  PEL  tumors  are  comprised  of  transformed 
B-cells  harboring  KSHV  and  exhibit  a  rapidly  progressive 
course,  with  a  median  survival  of  approximately  6 
months  with  standard  chemotherapy  [12,  16].  The 
role  of  sphingolipids  in  virus-associated  malignancies 
remains  largely  unknown,  although  one  recent  study 
indicates  that  KSHV  induces  fatty  acid  synthesis  to 
promote  survival  of  endothelial  cells  [17].  Another  recent 
study  demonstrates  that  KSHV-microRNAs  can  induce 
metabolic  transformation  of  latently  infected  endothelial 
cells,  including  decreasing  oxygen  consumption, 
increasing  lactate  secretion  and  glucose  uptake,  stabilizing 
HIFla  and  decreasing  mitochondria  copy  number  [18]. 
We  recently  reported  that  targeting  SphK2  using  either 
RNA  interference  or  a  selective  small-molecule  inhibitor, 
ABC294640,  induces  caspase-mediated  apoptosis  for 
KSHV-infected  PEL  cells  and  suppresses  PEL  tumor 
progression  in  vivo  [19].  We  also  found  that  targeting 
SphK2  increases  the  collective  accumulation  of  ceramides 
(including  bioactive  dihydro  (dh)-ceramides)  while 
reducing  SIP  concentrations  within  KSHV-infected 
cells  [19,  20].  However,  specific  mechanisms  for  virus- 
infected  lymphoma  cell  death  associated  with  disruption 
of  sphingolipids  biosynthesis  have  not  been  previously 
addressed.  Therefore,  we  sought  to  determine  whether 
individual  ceramide  species  induced  apoptosis  during 
perturbations  in  lipid  metabolism  in  PEL  cells,  and  if 
so,  whether  this  effect  was  associated  with  alterations  in 
KSHV  gene  expression. 


RESULTS 

Targeting  SphK2  results  in  accumulation 
of  ceramide  species  and  upregulation  of 
corresponding  ceramide  synthases  within  PEL 
cells 

We  previously  reported  that  a  selective  inhibitor 
of  SphK2,  ABC294640,  increased  cumulative  ceramide 
levels  within  KSHV-infected  PEL  cells  [19].  An 
abbreviated  schematic  of  sphingolipid  metabolism  is 
provided  (Figure  1A),  depicting  pathways  and  potential 
alterations  in  sphingolipid  metabolism  with  SphK2 
inhibition.  More  detailed  lipidomics  analysis  performed 
using  a  KSHV+  body  cavity-based  lymphoma  (BCBL-1) 
cell  line  revealed  dose-dependent  accumulation  of  multiple 
long-chain  ceramide  and  dh-ceramide  species  within  these 
cells  with  exposure  to  ABC294640  (Figure  1B-1C).  In 
parallel  analyses,  we  found  that  BCBL-1  cells  recovered 
from  ascites  of  ABC294640-treated  NOD/SCID  mice  also 
exhibited  increased  levels  of  long-chain  ceramide  and 
dh-ceramide  species  relative  to  BCBL- 1  cells  recovered 
from  vehicle-treated  control  mice  (Figure  ID).  We  also 
calculated  the  proportion  of  individual  ceramide  species 
within  the  total  lipid  mass  of  ABC294640-treated  PEL 
cells  and  noted  a  relative  proportional  increase  in  C16-Cer 
and  dhC16-Cer  species  both  in  vitro  and  in  vivo  (Figure 
1E-1F).  In  addition,  we  found  that  C16-,  C24-,  C24:l-, 
dhC16-,  dhC20-Cer  accumulate  predominantly  in  BCBL-1 
cells  in  vitro,  while  the  C16-,  C20-,  C24-,  C24: 1-,  dhC16- 
,  dhC20-,  dhC24-Cer  predominate  within  BCBL-1  cells 
recovered  from  mice  (Figure  1E-1F).  This  demonstrates 
that  common  and  differential  ceramide  signatures  emerge 
with  SphK2  targeting  in  vitro  and  in  vivo.  Ceramides 
are  synthesized  by  a  family  of  CerS  enzymes,  CerSl- 
CerS6  [21,  22].  We  found  that  in  vitro  targeting  of 
SphK2  in  BCBL-1  cells  increased  transcript  expression 
for  all  CerS,  confirmed  using  immunoblots  for  CerS2 
and  CerS6  expression  (Figure  2A-2B).  Furthermore, 
BCBL-1  cells  recovered  from  ABC294640-treated  mice 
exhibited  increased  expression  of  CerS2,  CerS4  and  CerS6 
transcripts  relative  to  BCBL-1  cells  from  vehicle-treated 
xenograft  mice  (Figure  2C).  In  vehicle-treated  xenograft 
mice,  we  observed  significant  splenic  enlargement,  due 
to  tumor  infiltration,  relative  to  ABC294640-treated  mice 
(Figure  2D)  [19].  Using  immunohistochemistry  (IHC), 
we  noted  robust  expression  of  CerS2  within  splenic  tissue 
from  ABC294640-treated  mice,  with  negligible  expression 
within  splenic  tissue  from  vehicle-treated  mice  (Figure 
2D).  These  data  suggested  a  role  for  specific  ceramides 
and  CerS2  in  PEL  cell  death  associated  with  SphK2 
inhibition  in  vivo. 
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Figure  1 :  Accumulation  of  ceramides  following  targeting  of  SphK2  within  PEL  cells.  A.  The  core  pathways  of  sphingolipid 
metabolism.  B.-C.  BCBL-1  cells  were  incubated  with  the  indicated  concentrations  of  ABC294640  (ABC)  or  vehicle  for  16  h,  then  ceramide 
and  dihydro  (dh)-ceramide  species  were  quantified  as  described  in  Methods.  D.  NOD/SCID  mice  were  injected  i.p.  with  107  BCBL-1  cells. 
Beginning  21  days  later,  mice  were  administered  100  mg/kg  ABC  or  vehicle  (n  =  10  per  group)  i.p.  once  daily,  five  days  per  week,  for 
another  21  days.  Live  PEL  cell  lysates  were  recovered  from  ascites  fractions  from  each  of  3  representative  vehicle-  or  drug-treated  mice, 
and  intracellular  ceramide  and  dh-ceramide  species  quantified  as  above.  Error  bars  represent  the  S.E.M.  for  2  independent  experiments,  *  = 
p  <  0.05;  **=p<0.01.  E.-F.  Relative  proportions  of  specific  ceramide  and  dh-ceramide  species  within  vehicle-  or  drug-treated  PEL  cells 
from  in  vitro  E.  and  in  vivo  F.  experiments  are  presented. 
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Exogenous  long-chain  ceramides  induce 
expression  of  ceramide  synthases  and  apoptosis 
for  PEL  cells 

Relatively  little  is  known  regarding  specific  roles  for 
individual  CerS  and  their  respective  ceramide  products  in 
cancer  development,  although  available  data  suggest  that 
CerS6  and  its  product  C16-Cer  promote  cell  survival 
and  tumor  growth,  while  CerSl  and  CerS4,  and  their 
mutual  product  C18-Cer,  may  negatively  regulate  head 
and  neck  cancer  growth  [3].  Since  our  initial  experiments 
indicated  increased  expression  of  CerS4  and  CerS6  within 
ABC294640-treated  PEL  cells,  we  sought  to  determine 
whether  commercially  available  ceramides  generated  by 
CerS4  (C18-Cer)  and  CerS6  (dhC16-Cer)  directly  impact 
PEL  cell  survival.  Following  verification  of  C18-Cer  and 
dhC16-Cer  accumulation  within  PEL  cells  with  their 


exposure  to  these  ceramides  in  vitro  (Figure  SI),  we  found 
that  C18-Cer  and  dhC16-Cer  induced  significant  apoptosis 
for  PEL  cells  in  dose-dependent  fashion  (Figs.  3A-3B  and 
S2),  as  well  as  caspase  cleavage  (Figure  3C),  for  multiple 
KSHV1  PEL  cell  lines.  Furthermore,  exogenous  dhC16- 
Cer  induced  dose-dependent  apoptosis  for  the  following 
Burkitt’s  lymphoma  cell  lines:  BL-41  (KSHV'leE/EBVneB), 
Akata  (KSHVneB/EBV+)  and  Mutu  (KSHV1KB/EBV+)  cells 
(Figure  S3).  Interestingly,  lipidomics  analysis  indicated 
that  C18-Cer  and  dhC16-Cer  independently  increase 
accumulation  of  other  endogenous  long-chain  ceramide 
species  within  PEL  cells  (Figure  3D),  suggesting  that 
exogenous  C18-Cer  and  dhC16-Cer  may  regulate 
expression  and/or  function  of  CerS.  In  fact,  we  found 
that  C18-Cer  and  dhC16-Cer  independently  increased 
transcript  and  protein  expression  for  CerS2  and  CerS6,  as 
well  as  transcript  expression  for  CerS5  (Figure  4A-4B). 


Figure  2:  Targeting  SphK2  induces  upregulation  of  ceramide  synthases  within  PEL  cells.  A.-B.  BCBL-1  cells  were 
incubated  with  the  indicated  concentrations  of  ABC  or  vehicle  for  16  h,  then  transcript  A.  and  protein  B.  expression  of  ceramide  synthases 
(CerSl-CerS6)  quantified  using  qRT-PCR  and  immunoblots,  respectively.  C.  CerS  transcripts  were  quantified  using  RNA  from  PEL 
cells  recovered  from  ascites  fractions  from  each  of  3  representative  vehicle-  or  drug-treated  mice.  Error  bars  represent  the  S.E.M.  for  2 
independent  experiments,  *  =  p  <  0.05;  **  =  p  <  0.01.  D.  Spleens  from  representative  vehicle-  or  drug-  treated  mice  were  prepared  for 
routine  hematoxylin  and  eosin  (H&E)  staining  as  described  in  Methods  for  identification  of  infiltrating  PEL  tumors  (short  arrows),  and 
immunohistochemistry  (IHC)  was  used  for  identifying  CerS2  expression  (upper  panels,  200x;  lower  panels,  400x). 
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After  developing  efficient  RNA  interference  for  CerS2 
in  the  C18-Cer-  or  dhC16-Cer-treated  PEL  cells  (Figure 
4C),  we  found  that  repression  of  CerS2  partially  abrogated 
the  pro-apoptotic  impact  of  both  C18-Cer  and  dhC16- 
Cer  (Figure  4D).  Collectively,  these  data  suggest  that 


exogenous  long-chain  ceramide  species  induce  PEL  cell 
apoptosis,  in  part  through  upregulation  of  specific  CerS 
enzymes. 
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Figure  3:  C18-Cer  and  dhC16-Cer  induce  accumulation  of  ceramides  and  apoptosis  for  PEL  cells.  A.-C.  BCBL-1  cells 
were  incubated  with  the  indicated  concentrations  of  C18-Cer,  dhC16-Cer  or  vehicle  for  24  h,  then  apoptosis  A.-B.  and  protein  expression 
C.  quantified  as  in  Methods.  D.  BCBL-1  cells  were  incubated  with  C18-Cer  (40  pM),  dhC16-Cer  (40  pM)  or  vehicle  for  24  h,  then 
intracellular  ceramide  and  dh-ceramide  species  were  quantified  as  described  in  Methods.  Error  bars  represent  the  S.E.M.  for  3  independent 
experiments,  *  =p<  0.05;  **  =  p  <  0.01. 
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Exogenous  C18-Cer  and  dhC16-Cer  induce  viral 
lytic  gene  expression  within  PEL  cells 

To  determine  whether  ceramides  induce  PEL 
apoptosis  by  increasing  KSHV  lytic  reactivation,  we 
quantified  representative  latent  and  lytic  viral  transcripts 
within  BCBL-1  cells  in  the  presence  or  absence  of  Cl 8- 
Cer  or  dhC  1 6-Cer.  We  found  that  either  C 1 8-Cer  or  dhC  1 6- 
Cer  induced  expression  of  viral  lytic  genes  representing 
all  phases  of  the  lytic  cycle,  while  having  little  impact  on 
expression  of  KSHV  ORF73  which  encodes  the  latency- 
associated  nuclear  antigen  (LANA;  Figure  5A).  These  data 
were  supported  by  observation  of  increased  expression  of 
K8.1,  a  KSHV  envelope  protein  representing  “late”  lytic 
gene  expression,  when  culturing  BCBL-1  cells  with  these 
exogenous  ceramides  (Figure  5B-5C).  In  support  of  these 


data,  we  found  that  exogenous  Cl  8-Cer  or  dhCl  6-Cer 
induced  BCBL-1  release  of  infectious  KSHV  particles  in 
culture  supernatants,  as  demonstrated  by  increased  KSHV 
gene  expression  within  KSHV-naive  human  umbilical 
vein  endothelial  cells  (HUVEC)  following  their  exposure 
to  ceramide-treated  BCBL-1  supernatants  (Figure  S4). 
To  determine  whether  long-chain  ceramide-induced  viral 
lytic  gene  expression  is  responsible  for  PEL  apoptosis, 
we  performed  RNA  interference  targeting  KSHV  ORF50 
which  encodes  the  replication  and  transcription  activator 
(RTA)  responsible  for  the  KSHV  latent  to  lytic  switch 
[23].  We  observed  suppression  of  “downstream”  KSHV 
lytic  gene  activation  and  partial  abrogation  of  apoptosis 
with  dhCl  6-Cer  treatment  with  knockdown  of  ORF50 
(Figure  5D-5E).  Interestingly,  direct  silencing  of  CerS2 
by  RNAi  incurred  more  “global”  suppression  of  both 
latent  and  lytic  genes  within  dhC16-Cer-treated  PEL  cells 
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Figure  4:  C18-Cer  and  dhC16-Cer  induce  expression  of  ceramide  synthases  within  PEL  cells.  A.-B.  BCBL-1  cells  were 
incubated  with  Cl  8-Cer  (40  |iM),  dhCl  6-Cer  (40  pM)  or  vehicle  for  24  h,  then  transcript  A.  and  protein  B.  expression  of  CerS  isofonns 
quantified  using  qRT-PCR  and  immunoblots,  respectively.  C.-D.  Cells  were  transfected  with  control  non-target  siRNA  (n-siRNA)  or 
Cer.S'2-siRNA  for  48  h,  then  incubated  with  C 1 8-Cer  (40  pM),  dhC  1 6-Cer  (40  pM)  or  vehicle  for  24  h.  Protein  expression  was  detected  by 
immunoblots,  and  cell  apoptosis  quantified  as  above.  Error  bars  represent  the  S.E.M.  for  3  independent  experiments,  *  =p  <  0.05;  **  =  P 
<0.01. 
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(Figure  5F). 

Exogenous  dhC16-Cer  suppresses  PEL 
progression  in  vivo 

Next,  we  sought  to  determine  whether  exogenous 
long-chain  ceramides  suppress  PEL  tumor  growth  in  vivo 
using  an  established  murine  xenograft  model  [34].  We 
administered  dhC16-Cer  (or  vehicle)  intraperitoneally 
(i.p.)  within  24  hours  of  BCBL-1  cell  injection  and 
for  one-month  duration.  We  found  that  dhC16-Cer 
dramatically  suppressed  PEL  tumor  progression  over 
this  timeframe  (Figure  6A-6C).  Using  routine  IHC,  we 
observed  tumor  infiltration  within  spleens  of  vehicle- 
treated  mice,  with  only  small  tumor  nests  dispersed  within 
spleens  of  dhC16-Cer-treated  mice  (Figure  6D).  Moreover, 
although  direct  ascites  tumor  analyses  were  not  feasible 


due  to  effective  suppression  of  tumor  growth  in  dhC  1 6- 
Cer-treated  animals,  immunoblots  indicated  increased 
CerS2  and  CerS6  expression  within  splenic  lysates  from 
representative  animals  treated  with  dhC16-Cer  relative  to 
vehicle-treated  animals  (Figure  6E). 

Exogenous  short-chain  ceramide  species  induce 
PEL  apoptosis  in  vitro  and  in  vivo 

In  general,  short-chain  ceramide  species  cannot 
be  reliably  quantified  using  lipidomics  analysis  because 
they  are  rapidly  converted  to  long-chain  ceramides 
[24].  However,  relative  to  long-chain  ceramides,  short- 
chain  ceramides  may  have  improved  solubility  and  cell- 
permeability  for  therapeutic  application  [25].  Therefore, 
we  sought  to  determine  whether  exogenous  short-chain 
ceramides  also  induce  PEL  apoptosis.  We  found  that 
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Figure  5:  C18-Cer  and  dhC16-Cer  induce  KSHV  lytic  gene  expression.  A.-C.  BCBL-1  cells  were  incubated  with  C18-Cer  (40 
pM),  dhC16-Cer  (40  pM)  or  vehicle  for  24  h,  then  qRT-PCR  used  to  quantify  representative  KSHV  latent  ( ORF73 )  and  lytic  transcripts 
( ORF50 ,  ORF74,  K8.1,  ORF57).  Expression  of  the  viral  lytic  protein  K8.1  was  determined  using  immunoblots  and  IFA.  D.-E.  BCBL-1 
were  transfected  with  control  n-siRNA  or  ORFJO-siRNA  for  48  h,  then  incubated  with  dhC16-Cer  (40  pM)  or  vehicle  for  24  h.  Viral  gene 
expression  and  cell  apoptosis  were  quantified  by  qRT-PCR  and  flow-cytometry,  respectively.  F.  BCBL-1  were  transfected  with  control 
n-siRNA  or  Cer.S'2-siRNA  for  48  h,  then  representative  viral  transcripts  quantified  by  qRT-PCR.  Error  bars  represent  the  S.E.M.  for  3 
independent  experiments,  *=p<0.05;  **=P<0.01. 
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exogenous  C2-,  C6-  or  C8-Cer  independently  induced 
dose-dependent  apoptosis  for  KSHV+  PEL  cell  lines, 
and  both  C6-  and  C8-Cer  displayed  lower  inhibitory 
concentrations  (CC50)  relative  to  long-chain  ceramides 
such  as  C18-Cer  or  dhC16-Cer  (Figs.  7A-7B  and  S5).  In 
contrast  to  long-chain  ceramides,  we  found  that  Akata  and 
Mutu  cells  were  resistant  to  C6-Cer-induced  apoptosis, 
while  BL-41  cells  retained  sensitivity  to  C6-Cer  (Figure 
S6).  Similar  to  their  long-chain  counterparts,  short-chain 
ceramides  also  increased  accumulation  of  endogenous 
long-chain  ceramides  within  BCBL-1  cells  (Figure  7C). 
Of  note,  the  accumulation  of  intracellular  C6-  and  C8- 
Cer  could  be  quantified  at  specific  time  points  following 
their  exogenous  administration  in  cell  culture,  while  C2- 
Cer  could  not  (Figure  S7),  suggesting  exogenous  C2-Cer 
may  be  more  quickly  converted  to  long-chain  ceramides 
following  cell  entry. 

Since  we  found  that  exogenous  long-chain 


ceramides  induce  expression  of  specific  CerS  in  PEL  cells, 
we  explored  the  same  principle  with  exogenous  short- 
chain  ceramides.  Unlike  the  selective  but  uniform  impact 
of  Cl  8-  and  dhC16-Cer  on  the  CerS  profile  (Figure  4A- 
4B),  C2-,  C6-  and  C8-Cer  had  varying  impacts  on  CerS 
transcript  profiles  (Figure  8A),  although  C6-  and  C8-Cer 
uniformly  increased  transcript  and  protein  expression  of 
CerS2  and  CerS6,  albeit  to  varying  degrees  (Figure  8A- 
8B).  As  previously  demonstrated  for  exogenous  C18-  and 
dhC16-Cer,  we  found  that  CerS2  silencing  reduced  BCBL- 
1  apoptosis  during  C6-Cer  treatment  (Figure  8C-8D).  In 
addition,  CerS6  silencing  incurred  similar  results,  with 
additive  and  protective  effects  for  concurrent  silencing  of 
both  CerS2  and  CerS6  (Figure  8C-8D).  Furthermore,  C2-, 
C6-  and  C8-Cer  independently  increased  expression  of 
KSHV  lytic  transcripts  within  BCBL-1,  although  the  effect 
was  most  pronounced  for  C2-Cer,  and  ORF50  silencing 
partially  suppressed  apoptosis  induced  by  exogenous  C2- 
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Figure  6:  Exogenous  dhC16-Cer  suppresses  PEL  tumor  progression  in  vivo.  A.-C.  NOD/SCID  mice  were  injected  i.p.  with 
107  BCBL-1  cells.  Beginning  24  h  later,  20  mg/kg  dhC16-Cer  or  vehicle  (n  =  10  per  group)  were  administered  i.p.  3x/week,  for  each  of  2 
independent  experiments.  Weights  were  recorded  weekly.  Images  of  representative  animals  and  their  respective  spleens,  as  well  as  ascites 
fluid  volumes,  were  collected  at  the  conclusion  of  experiments  on  day  28.  Error  bars  represent  the  S.E.M.  for  2  independent  experiments,  ** 
=  p  <  0.01.  D.  Spleens  from  representative  vehicle-  or  dhC  1 6-Cer-treated  mice  were  prepared  for  routine  H&E  staining  for  identification  of 
infiltrating  PEL  tumors.  E.  Immunoblots  were  used  to  detect  CerS  protein  expression  within  splenic  lysates  from  representative  2  vehicle- 
or  dhC  1 6-Cer-treated  mice. 
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Figure  7:  Short-chain  ceramides  induce  ceramide  accumulation  and  apoptosis  for  PEL  cells.  A.-B.  BCBL-1  cells  were 
incubated  with  the  indicated  concentrations  of  C2-Cer,  C6-Cer,  C8-Cer  or  vehicle  for  24  h,  then  apoptosis  quantified  as  described  previously. 
C.  Intracellular  ceramide  and  dh-ceramide  species  were  quantified  as  above.  Error  bars  represent  the  S.E.M.  for  2  independent  experiments, 
*=p<  0.05;  **  =p<  0.01. 
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Cer  (Figure  S8). 

To  validate  the  potential  impact  of  exogenous 
short-chain  ceramides  on  PEL  tumor  growth  in  vivo ,  we 
explored  whether  C6-Cer  impacted  PEL  progression  using 
the  same  xenograft  model.  C6-Cer  was  chosen  due  to  its 
low  CC  for  PEL  cell  lines  and  better  in  vivo  stability 
(Figures  7B,  S5  and  S7).  Similar  to  previous  experiments, 
C6-Cer  (or  vehicle)  was  administered  i.p.  within  24  hours 
of  BCBL-1  cell  injection  and  for  a  duration  of  one  month. 
We  found  that  C6-Cer  dramatically  suppressed  PEL  tumor 
progression  in  vivo  in  a  manner  similar  to  that  observed  for 
dhC16-Cer  (Figure  9A-9D).  Immunoblots  using  splenic 
lysates  also  indicated  that  C6-Cer  treatment  increased 
CerS2  and  CerS6  expression  in  this  compartment  (Figure 
9E).  Additional  experiments  were  conducted  wherein  C6- 
Cer  therapy  was  initiated  following  establishment  of  PEL 
tumors  (beginning  28  days  after  BCBL-1  cell  injection). 


Using  this  approach,  C6-Cer-treated  mice  exhibited 
significant  regression  of  PEL  tumor  burden  relative  to 
vehicle-treated  mice  (Figure  9F-9G),  with  virtually  no 
ascites  found  in  these  mice  after  three  weeks  of  treatment 
(Figure  9H). 

DISCUSSION 

In  summary,  our  findings  indicate  that  individual 
ceramide  species,  including  both  short-  and  long-chain 
variants,  induce  apoptosis  for  PEL  cells.  In  addition, 
two  potential  mechanisms  are  illuminated:  induction 
of  CerS  expression  and  accumulation  of  other  pro- 
apoptotic  ceramides;  and  induction  of  pro-apoptotic 
KSHV  lytic  gene  expression.  We  have  also  demonstrated 
that  this  can  be  accomplished  by  two  methods  which 


Figure  8:  Short-chain  ceramides  induce  expression  of  ceramide  synthases  within  PEL  cells.  A.-B.  BCBL-1  cells  were 
incubated  with  C2-Cer  (50  pM),  C6-Cer  (6.25  pM),  C8-Cer  (12.5  pM)  or  vehicle  for  24  h,  then  transcript  A.  and  protein  B.  expression  of 
CerS  isoforms  quantified  using  qRT-PCR  and  immunoblots,  respectively.  C.-D.  Cells  were  transfected  with  control  n-siRNA,  CerS2-siRNA 
or  CerSd-siRNA  for  48  h,  then  incubated  with  C6-Cer  (6.25  pM)  or  vehicle  for  24  h.  CerS  protein  expression  and  cell  apoptosis  were 
determined  as  above.  Error  bars  represent  the  S.E.M.  for  3  independent  experiments,  *  -  p  <  0.05;  **  =  p<  0.01. 
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disrupt  the  ceramide:SlP  ratio,  namely  inhibition  of 
SphK2  or  provision  of  specific  exogenous  ceramides. 


In  addition  to  de  novo  generation  of  ceramides  by  CerS, 
ceramides  are  generated  through  metabolism  of  other 
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Figure  9:  C6-Cer  suppresses  PEL  formation  and  induces  regression  of  established  PEL  tumors  in  vivo.  A.-C.  NOD/SCID 
mice  were  injected  i.p.  with  107  BCBL-1  cells.  Beginning  24  h  later,  20  mg/kg  C6-Cer  or  vehicle  (n  =  10  per  group)  were  administered 
i.p.  3x/week,  for  each  of  2  independent  experiments.  Weights  were  recorded  weekly.  Images  of  representative  animals  and  their  respective 
spleens,  as  well  as  ascites  fluid  volumes,  were  collected  at  the  conclusion  of  experiments  on  day  28.  Error  bars  represent  the  S.E.M.  for  2 
independent  experiments,  **  =  p  <  0.01.  D.  Spleens  from  representative  vehicle-  or  C6-Cer-treated  mice  were  prepared  for  routine  H&E 
staining.  E.  Immunoblots  were  used  to  detect  CerS  protein  expression  within  splenic  lysates  from  representative  vehicle-  or  C6-Cer-treated 
mice.  F.-H.  NOD/SCID  mice  were  injected  i.p.  with  107  BCBL-1  cells.  Beginning  28  days  later,  20  mg/kg  C6-Cer  or  vehicle  (n  =  10  per 
group)  were  administered  i.p.  3x/week,  for  an  additional  21  days  for  each  of  2  independent  experiments.  Weights  were  recorded  weekly, 
and  images  of  representative  animals  and  their  respective  spleens,  as  well  as  ascites  fluid  volumes,  were  collected  at  the  conclusion  of 
experiments  on  day  49. 
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complex  sphingolipids  tightly  regulated  by  specialized 
enzymes  [1,  2,  6],  For  instance,  ceramides  are  generated 
by  sphingomyelinases  (SMases)  responsible  for 
sphingomyelin  (SM)  hydrolysis  [26]  or  cerebrosidase- 
mediated  GlcCer  and  galactosylceramide  (GalCer) 
breakdown  [27].  Future  work  should  be  useful  in 
validating  methods  and  potential  clinical  applicability 
of  manipulating  lipid  biosynthesis  pathways  to  induce 
apoptosis  for  virus-associated  tumors. 

Consistent  with  our  findings,  published  data 
indicate  that  provision  of  exogenous  short-chain 
ceramides  results  in  biologic  responses  similar  to  those 
of  ceramide  agonists  in  mammalian  and  yeast  cells  [25]. 
Our  observation  that  specific  ceramides  induce  expression 
of  CerS  isoforms  and  accumulation  of  other  ceramide 
species  in  PEL  cells  are  also  consistent  with  studies 
revealing  a  direct  relationship  between  exogenous  and 
endogenous  ceramides.  For  example,  C8-Cer  ( N-octanoyl - 
sphingosine)  liposomes  induced  a  10-fold  increase  in  total 
ceramide  levels  within  canine  kidney  cells  [28].  In  another 
example,  C6-Cer  triggers  sustained  endogenous  ceramide 
production  in  a  human  myeloid  leukemia  cell  line  [29].  In 
a  third  report,  exogenous  C6-Cer  induced  production  of 
endogenous  ceramides  within  a  human  lung  cancer  cell 
line  through  recycling  of  the  sphingosine  backbone  of  C6- 
Cer  via  deacylation/reacylation  [24].  Further  work  with 
PEL  and  other  virus-infected  tumor  cells  should  illuminate 
mechanisms  for  exogenous  ceramide  activation  of  lipid 
biosynthesis  pathways  responsible  for  death  of  these  cells, 
and  how  these  pathways  integrate  with  mechanisms  for 
viral  latency  that  either  augment  or  oppose  cell  death. 
Our  observation  that  C6-and  C8-Cer  demonstrate  a  lesser 
impact  on  KSHV  lytic  activation  (at  least  relative  to  other 
species  tested  in  our  experiments),  yet  still  readily  induce 
PEL  cell  death  in  vitro  (both)  and  in  vivo  (C6-Cer),  suggest 
varying  and  potentially  complimentary  mechanisms  of 
PEL  cell  death  induced  by  exogenous  ceramides  which 
might  be  exploited  for  developing  therapeutic  strategies. 
While  beyond  the  scope  of  this  manuscript,  the  cell  type- 
specific  nature  of  our  observations  for  Burkitt’s  lymphoma 
cell  lines  also  indicate  that  EBV-infected  lymphoma 
cell  lines  may  be  alternatively  sensitive  or  resistant  to 
apoptosis  induced  by  specific  ceramide  species  (possibly 
related  to  differential  impact  of  ceramides  on  EBV  gene 
expression),  and  that  specific  ceramide  species  induce 
apoptosis  for  lymphoma  cells  independent  of  virus- 
associated  mechanisms. 

Due  to  limitations  of  solubility  and  cell- 
permeability  for  many  ceramide  species,  ceramide 
analogues  or  mimetics  have  been  developed  as  therapeutic 
agents.  These  include  pyridinium  ceramides  (Pyr-Cer) 
which  exhibit  a  more  positive  charge  (pyridinium  ring), 
allowing  for  preferential  accumulation  of  these  analogues 
in  cancer  cells  [30]  which  exhibit  a  more  negative  charge 
in  subcellular  structures  (especially  mitochondria)  [31]. 
In  two  examples,  L-t-C6-Pyr-Cer  and  D-e-C16-Pyr-Cer 


exhibit  significant  anti-cancer  activity  in  vitro  and  in 
vivo  [30,  32].  Our  observation  that  exogenous  ceramides 
induce  KSHV  lytic  gene  suggests  that  ceramides 
potentially  facilitate  KSHV  dissemination.  Therefore, 
given  that  antiviral  agents  like  ganciclovir  successfully 
repress  KSHV  replication  and  prevent  KSHV-associated 
neoplasms  [33],  the  combination  of  ceramide  analogues 
or  mimetics  with  antiviral  drugs  (such  as  ganciclovir) 
may  represent  a  rational  therapeutic  approach.  Regardless, 
use  of  ceramides  to  disrupt  lipid  biosynthesis  pathways 
regulated  by  oncoviruses  represents  a  potentially  novel 
and  targeted  therapeutic  strategy  for  virus-associated 
lymphoma. 

MATERIALS  AND  METHODS 


Cell  culture  and  reagents 

Body  cavity-based  lymphoma  cells  (BCBL-1, 
KSHV7EBVncg)  were  kindly  provided  by  Dr.  Dean  Kedes 
(University  of  Virginia)  and  maintained  in  RPMI  1640 
medium  (Gibco)  with  supplements  as  described  previously 
[34],  BC-1  (KSHV7EBV+)  andBCP-1  (KSHV+/EBVncg) 
cells  were  purchased  from  ATCC  and  maintained  in 
complete  RPMI  1640  medium  (ATCC)  supplemented  with 
20%  FBS.  All  cells  were  incubated  at  37°C  in  5%  CO,. 
Burkitt’s  lymphoma  cell  lines  BL-41  (KSHVncg/EBVncg), 
Akata  and  Mutu  (both  KSHVncg/EBV+)  were  kindly 
provided  by  Dr.  Dean  Kedes  (University  of  Virginia)  and 
Dr.  Erik  Flemington  (Tulane  University),  respectively, 
and  cultured  as  described  elsewhere  [35].  Primary  human 
umbilical  vein  endothelial  cells  (HUVEC)  were  cultured 
as  described  previously  [36].  All  experiments  were 
carried  out  using  cells  harvested  at  low  (<20)  passages. 
The  3-(4-chlorophenyl)-adamantane- 1  -carboxylic 
acid  (pyridin-4-ylmethyl)  amide  (ABC294640)  was 
synthesized  as  previously  described  [37].  C18-Cer  and 
dhCl  6-Cer  were  purchased  from  Avanti  Polar  Lipids.  C2-, 
C6-  and  C8-Cer  were  purchased  from  Cayman  Chemical. 

Cell  apoptosis  assays 

Apoptosis  was  quantified  by  flow  cytometry  using 
the  FITC-Annexin  V/propidium  iodide  (PI)  Apoptosis 
Detection  Kit  I  (BD  Pharmingen)  according  to  the 
manufacturer’s  instructions.  Data  were  collected  using  a 
FACS  Calibur  4-color  flow  cytometer  (BD  Bioscience). 

RNA  interference 

CerS2,  CerS6  or  KSHV  ORF50  ON-TARGET 
plus  SMART  pool  siRNA,  or  negative  control  siRNA 
(Dharmacon),  were  delivered  using  the  DharmaFECT 
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transfection  reagent  according  to  the  manufacturer’s 
instructions. 

Immunoblotting 

Cells  were  lysed  in  buffer  containing  20  mM  Tris 
(pH  7.5),  150  mM  NaCl,  1%  NP40,  1  mM  EDTA,  5  mM 
NaF  and  5  mM  Na3V04.  Total  cell  lysates  (30  pg)  were 
resolved  by  10%  SDS-PAGE,  transferred  to  nitrocellulose 
membranes,  and  incubated  with  100-200  pg/mL  of 
the  following  antibodies:  cleaved-Caspase3,  cleaved- 
Caspase9  (Cell  Signaling  Technologies),  CerS2,  CerS6 
(Santa  Cruz),  K8.1  (ABI).  For  loading  controls,  lysates 
were  also  incubated  with  antibodies  detecting  P-Actin 
(Sigma).  Immunoreactive  bands  were  developed  using  an 
enhanced  chemiluminescence  reaction  (Perkin-Elmer). 

Immunofluorescence 

Cells  were  incubated  in  1:1  methanol-acetone  at 
-20°C  for  fixation  and  permeabilization,  then  with  a 
blocking  reagent  (10%  normal  goat  serum,  3%  bovine 
serum  albumin,  and  1%  glycine)  for  an  additional  30 
minutes.  Cells  were  then  incubated  for  1  h  at  25°C  with 
1:2000  dilution  of  a  mouse  anti-K8.1  monoclonal  antibody 
(ABI)  followed  by  1 :200  dilution  of  a  goat  anti-mouse 
secondary  antibody  conjugated  to  Texas  Red  (lnvitrogen). 
For  identification  of  nuclei,  cells  were  subsequently 
counterstained  with  0.5  mg/mL  4’,6-diamidino-2- 
phenylindole  (DAPI;  Sigma)  in  180  mM  Tris-HCl  (pH 
7.5).  Slides  were  washed  once  in  180  mM  Tris-HCl  for  15 
minutes  and  prepared  for  visualization  using  a  Leica  TCPS 
SP5  AOBS  confocal  microscope. 

qRT-PCR 

Total  RNA  was  isolated  using  the  RNeasy  Mini  kit 
(QIAGEN),  and  cDNA  was  synthesized  from  equivalent 
total  RNA  using  a  Superscript  III  First-Strand  Synthesis 
SuperMix  Kit  (lnvitrogen)  according  to  the  manufacturer’s 
instructions.  Primers  used  for  amplification  of  target  genes 
are  displayed  in  Supplemental  Table  1.  Amplification 
was  carried  out  using  an  iCycler  IQ  Real-Time  PCR 
Detection  System,  and  cycle  threshold  (Ct)  values  were 
tabulated  in  duplicate  for  each  gene  of  interest  in  each 
experiment.  “No  template”  (water)  controls  were  used  to 
ensure  minimal  background  contamination.  Using  mean 
Ct  values  tabulated  for  each  gene,  and  paired  Ct  values  for 
P -actin  as  a  loading  control,  fold  changes  for  experimental 
groups  relative  to  assigned  controls  were  calculated  using 
automated  iQ5  2.0  software  (Bio-rad). 


Quantification  of  sphingolipids 

Quantification  of  ceramide  and  (dh)-ceramide 
species  was  performed  using  a  Thermo  Finnigan  TSQ 
7000  triple-stage  quadruple  mass  spectrometer  operating 
in  Multiple  Reaction  Monitoring  positive  ionization  mode 
(Thermo  Fisher  Scientific).  Quantification  was  based  on 
calibration  curves  generated  by  spiking  an  artificial  matrix 
with  known  amounts  of  target  standards  and  an  equal 
amount  of  the  internal  standard.  The  target  analyte:internal 
standard  peak  area  ratios  from  each  sample  were  compared 
with  the  calibration  curves  using  linear  regression. 
Final  results  were  expressed  as  the  ratio  of  sphingolipid 
normalized  to  total  phospholipid  phosphate  level  using  the 
Bligh  and  Dyer  lipid  extract  method  [38]. 

PEL  xenograft  model 

107BCBL-1  cell  aliquots  were  diluted  in  200  pF 
sterile  PBS,  and  6-8  week-old  male  non-obese  diabetic/ 
severe-combined  immunodeficiency  (NOD/SCID)  mice 
(Jackson  Faboratory)  received  intraperitoneal  (i.p.) 
injections  with  a  single  aliquot.  For  drug  delivery,  dhC16- 
Cer  or  C6-Cer  was  diluted  in  sterile  PEG:DMSO  (1:1) 
(Sigma)  to  achieve  100  pF  total  volume.  The  drug,  or 
vehicle  alone,  was  administered  using  an  insulin  syringe 
for  i.p.  injections.  Drug  was  administered  initially  at 
either  1  day  or  28  days  after  BCBF-1  injections,  3  times/ 
week.  Two  experiments,  with  10  mice  per  group  for  each 
experiment,  were  performed.  Weights  were  recorded 
weekly  as  a  surrogate  measure  of  tumor  progression,  and 
ascites  fluid  volumes  were  tabulated  for  individual  mice 
at  the  completion  of  each  experiment.  All  protocols  were 
approved  by  the  Fouisiana  State  University  Health  Science 
Center  Animal  Care  and  Use  Committee  in  accordance 
with  national  guidelines. 

Immunohistochemistry 

Formalin-fixed,  paraffin-embedded  tissues  were 
microtome-sectioned  to  a  thickness  of  4  uM,  placed  on 
electromagnetically  charged  slides  (Fisher  Scientific), 
and  stained  with  hematoxylin  &  eosin  (H&E)  for  routine 
histologic  analysis.  Immunohistochemistry  was  performed 
using  the  Avidin-Biotin-Peroxidase  complex  system, 
according  to  the  manufacturer’s  instructions  (Vectastain 
Elite  ABC  Peroxidase  Kit;  Vector  Faboratories).  In 
our  modified  protocol,  sections  were  deparaffinized  in 
xylene  and  re-hydrated  through  a  descending  alcohol 
gradient.  For  non-enzymatic  antigen  retrieval,  slides 
were  heated  in  0.01  M  sodium  citrate  buffer  (pH  6.0) 
to  95°C  under  vacuum  for  40  min  and  allowed  to  cool 
for  30  min  at  room  temperature,  then  rinsed  with  PBS 
and  incubated  in  MeOH/3%  H  O  for  20  min  to  quench 
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endogenous  peroxidase.  Slides  were  then  washed  with 
PBS  and  blocked  with  5%  normal  goat  serum  in  0.1% 
PBS/BSA  for  2  h  at  room  temperature,  then  incubated 
overnight  with  a  rat  monoclonal  anti-CerS2  antibody 
at  1:100  dilution  (Santa  Cruz)  in  0.1%  PBS/BSA.  The 
following  day,  slides  were  incubated  with  a  goat  anti-rat 
IgG  or  goat  anti-rabbit  IgG  secondary  antibody  at  room 
temperature  for  1  h,  followed  by  avidin-biotin  peroxidase 
complexes  for  1  h  at  room  temperature.  Finally,  slides 
were  developed  using  a  diaminobenzidine  substrate, 
counterstained  with  hematoxylin,  dehydrated  through 
an  ascending  alcohol  gradient,  cleared  in  xylene,  and 
coverslipped  with  Permount.  Images  were  collected  at 
200x,  400x  or  600x  magnification  using  a  Olympus  BX61 
microscope  equipped  with  a  high  resolution  DP72  camera 
and  CellSense  image  capture  software. 

Statistical  analysis 

Significance  for  differences  between  experimental 
and  control  groups  were  detenuined  using  the  two- 
tailed  Student’s  t-test  (Excel  8.0),  and  p  values  <0.05  or 
0.01  were  considered  significant  or  highly  significant, 
respectively.  The  Cytotoxicity  Concentration  50  (CC50) 
was  calculated  by  using  SPSS  20.0. 
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Kaposi  sarcoma-associated  herpesvirus  (KSHV)  is  the  etiologic  agent  for  Kaposi’s  sarcoma  (KS)  and  primary 
effusion  lymphoma  (PEL),  malignancies  arising  primarily  in  immunocompromised  patients  particularly 
AIDS-patients,  which  still  lack  effective  therapy.  Hyaluronan  (HA)  is  a  large  glucuronic  acid  and  has  been 
found  closely  related  to  multiple  functions  in  cancer  cells,  although  its  role  in  viral  oncogenesis  remains 
largely  unknown.  Here  we  provide  first  evidence  that  KSHV  de  novo  infection  induces  HA  production  from 
primary  endothelial  cells  through  upregulation  of  HA  synthase  gene  1  ( Hasl )  and  a  multifunctional 
glycoprotein,  CD147.  Further  data  demonstrate  that  KSHV-induced  HA  production  requires  viral  latent 
protein,  LANA  (in  particular  functional  domain  A)  and  MAPK/ERK  signaling  activities.  In  functions,  HA 
production  is  necessary  for  KSHV/LANA-induced  primary  endothelial  cell  invasion,  a  hallmark  feature 
for  KS  development.  For  clinical  relevance,  our  data  indicate  that  the  KSHV+  group  has  higher  levels  of 
HA  and  Hasl  activities  in  its  plasma  than  the  KSHV-  group  of  cohort  HIV-infected  patients.  Together, 
our  findings  provide  innovative  insights  into  the  mechanisms  of  oncogenic  virus  activation  of  HA  production 
and  its  role  in  virus-associated  malignancy  pathogenesis,  which  may  help  to  develop  novel  therapeutic 
strategies  by  targeting  HA  and  related  signaling. 

©  2015  Elsevier  Ireland  Ltd.  All  rights  reserved. 


Introduction 

Hyaluronan  (HA)  is  a  very  large,  linear  glycosaminoglycan 
composed  of  repeating  disaccharides  of  glucuronic  acid  and 
N-acetylglucosamine  [1],  In  addition  to  its  structural  role  through 
interaction  with  other  extracellular  matrix  (ECM)  components,  HA 
binds  to  several  cell  surface  receptors  such  as  CD44,  LYVE-1  and 
RHAMM  that  induce  the  transduction  of  a  range  of  intracellular 
signals  and  contribute  to  multiple  cellular  functions  such  as 
embryonic  development,  healing  processes  and  inflammation  [2], 
HA  is  overproduced  by  many  types  of  tumors,  and  in  some  cases, 
HA  levels  are  prognostic  for  malignant  progression  [3],  Moreover, 
HA  and  related  signaling  transductions  have  been  involved  in  many 
malignant  behaviors  of  cancer  cells,  including  migration/invasion, 
angiogenesis,  epithelial-mesenchymal  transition  (EMT),  multidrug 
resistance,  and  metastasis  [4-6],  Currently,  -20%  of  human  cancers 
have  been  attributed  to  virus  infection  [7];  however,  there  are 
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limited  data  describing  the  role  of  HA  production  in  viral 
oncogenesis  or  how  oncogenic  viral  proteins  regulate  HA  level  and 
related  signaling  transductions. 

Kaposi  sarcoma-associated  herpesvirus  (KSHV)  is  the  etiologic 
agent  for  Kaposi's  sarcoma  (KS)  and  primary  effusion  lymphoma  (PEL), 
malignancies  arising  primarily  in  patients  infected  with  the  human 
immunodeficiency  virus  (HIV)  or  in  those  receiving  organ  transplants 
[8,9],  Furthermore,  despite  the  reduced  incidence  of  KS  in  the  era  of 
highly  active  antiretroviral  therapy  (HAART)  for  HIV  infection,  KS  still 
remains  the  most  common  Acquired  immunodeficiency  syndrome 
(AlDS)-associated  tumor  and  a  leading  cause  of  morbidity  and 
mortality  in  this  setting  [10],  Another  KSHV-caused  malignancy,  PEL, 
comprises  transformed  B  cells  harboring  KSHV  and  arises 
preferentially  within  the  pleural  or  peritoneal  cavities  of  immune- 
suppressed  patients  [9].  PEL  is  a  rapidly  progressing  malignancy  with 
a  median  survival  time  of  approximately  6  months,  even  under  the 
combinational  chemotherapy  [11].  Our  recent  study  demonstrates 
that  the  glycoprotein,  CD147,  interacts  with  the  lymphatic  vessel 
endothelial  hyaluronan  receptor-1  (LYVE-1 )  and  the  drug  transporter, 
breast  cancer  resistance  protein  (BCRP)/ABCG2,  to  promote  multidrug 
chemoresistance  in  KSHV+  PEL  cells  [12].  Moreover,  we  found  higher 
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levels  of  HA  and  HA  synthase  gene  ( Hasl-3 )  transcripts  in 
chemoresistant  PEL  cell-lines  than  in  chemosensitive  ones.  In  addition, 
small  HA  oligosaccharides  (oHA)  that  interact  monovalently  with  HA 
receptors,  and  competitively  blocking  polyvalent  interactions  between 
receptors  and  endogenous  HA,  sensitize  drug  resistant  PEL  cells  to 
chemotherapeutic  agents  [12].  In  the  current  study,  we  investigate 
the  role  of  HA  production  in  KSHV-infected  primary  endothelial  cells, 
which  represent  the  major  cellular  component  of  KS  tumors,  and 
identify  the  underlying  mechanisms  whereby  oncogenic  viral  proteins 
regulate  HA  production. 

Materials  and  methods 

Cell  culture,  reagents  and  infection  protocol 

KSHV-infected  PEL  cells  (BCBL-1)  were  kindly  provided  by  Dr.  Dean  Kedes  (Uni¬ 
versity  of  Virginia)  and  maintained  in  RPMI 1640  medium  (Gibco)  with  supplements 
as  described  previously  [12].  Human  umbilical  vein  endothelial  cells  (HUVEC)  were 
grown  in  DMEM/F-12  50/50  medium  (Cellgro)  supplemented  with  5%  FBS.  Selec¬ 
tive  inhibitors  targeting  the  mitogen-activated  protein  kinase  (MEK;  U0126)  and  NF- 
kB  (Bayl  1-7082)  were  purchased  from  Sigma.  Hyaluronan  oligosaccharides  (oHA) 
were  prepared  as  described  previously  [13].  To  obtain  KSHV  for  infection  experi¬ 
ments,  BCBL-1  cells  were  incubated  with  0.6  mM  valproic  acid  for  6  days,  purified 
virus  concentrated  from  culture  supernatants  and  infectious  titers  were  deter¬ 
mined  as  described  previously  [14]. 

Cell  transfection 

HUVEC  were  transfected  with  control  vector  pcDNA3.1,  pcDNA3.1-LANA  (pcLANA) 
or  LANA  deletion  fragments  (pcLANA-A,  pcLANA-AB,  pcLANA- AC,  pcLANA-BC  and 
pcLANA-C)  or  pcDNA3.1-ERI<  (pcERK)  in  12-well  plates  for  48  h  using  Lipofectamine 
2000  (Invitrogen)  according  to  the  manufacturer’s  instruction.  Transfection  effi¬ 
ciency  was  determined  through  co-transfection  of  a  lacZ  reporter  construct  and 
quantified  as  described  previously  [14].  For  RNA  interference  assays,  Hasl  or  CD147 
ON-TARGET  plus  SMART  pool  siRNA  (Dharmacon),  or  negative  control  siRNA,  was 
delivered  using  the  DharmaFECT  transfection  reagent  according  to  the  manufactu¬ 
rer’s  instruction. 

Immunofluorescence  assays 

Cells  were  incubated  in  1:1  methanol-acetone  at  20  °C  for  fixation  and 
permeabilization,  followed  by  a  blocking  reagent  (10%  normal  goat  serum,  3%  bovine 
serum  albumin,  and  1%  glycine)  for  an  additional  30  min.  Cells  were  then  incu¬ 
bated  for  1  h  at  25  °C  with  1 :1000  dilution  of  a  rat  anti-LANA  monoclonal  antibody 
(ABI,  for  LANA  wt)  or  a  mouse  anti-V5-Tag  monoclonal  antibody  (Cell  Signaling,  for 
LANA  deletion  fragments)  followed  by  1 : 1 00  dilution  of  a  goat  anti-rat  or  goat  anti¬ 
mouse  secondary  antibody  conjugated  to  Texas  Red  (Invitrogen).  For  intracellular 
HA  detection,  cells  were  permeabilized  for  20  min  at  room  temperature  with  0.1% 
Triton-X-100  in  1%  BSA,  and  incubated  overnight  at  4  °C  with  bHABC  (biotinylated 
hyaluronan  binding  complex,  Sigma)  (1.25  pg/mL)  in  1%  BSA.  To  remove  the  peri¬ 
cellular  HA,  fixed  cells  were  treated  with  Streptomyces  hyaluronidase  (1  turbidity 
reducing  unit/mL,  Seikagaku  Kogyo)  before  permeabilization.  After  washing,  the  cells 
were  incubated  for  1  h  with  Alexa  488-labeled  streptavidin  (1:1000)  (Invitrogen) 
for  bHABC  staining.  Cells  were  counterstained  with  0.5  pg/mL  4',6-diamidino-2- 
phenylindole  (DAPI,  Sigma)  in  180  mM  Tris-HCl  (pH  7.5)  for  nuclear  localization.  Slides 
were  washed  once  in  180  mM  Tris-HCl  for  10  min  and  prepared  for  visualization 
using  a  Leica  TCPS  SP5  AOBS  confocal  microscope. 

Immunoblotting 

Total  cell  lysates  (20  pg)  were  resolved  by  10%  SDS-PAGE,  transferred  to  nitro¬ 
cellulose  membranes,  and  immunoblotted  with  antibodies  for  CD147  (BD),  LANA 
(ABI),  phospho-p44/42  ERK  (Thr202/Tyr204),  t-p44/42  ERK  (Cell  Signaling)  and  [3- Ac  tin 
(Sigma)  for  loading  controls.  Immunoreactive  bands  were  identified  using  an  en¬ 
hanced  chemiluminescence  reaction  (PerkinElmer),  and  visualized  by  autoradiography. 

Transwell  invasion  assays 

Matrigel  Invasion  Chambers  (BD)  were  hydrated  for  4  h  at  37  °C  with  culture 
media.  Following  hydration,  media  in  the  bottom  of  the  well  was  replaced  with  fresh 
media,  then  2  x  104  HUVEC  were  plated  at  the  top  of  the  chamber.  After  24  h,  cells 
were  fixed  with  4%  formaldehyde  for  1 5  min  at  room  temperature  and  chambers 
rinsed  in  PBS  prior  to  staining  with  0.2%  crystal  violet  for  10  min.  After  washing  the 
chambers,  cells  at  the  top  of  the  membrane  were  removed  and  cells  at  the  bottom 
of  the  membrane  counted  using  a  phase  contrast  microscope.  Relative  invasion  was 
determined  for  cells  in  experimental  groups  as  follows:  relative  invasion  =  #  invad¬ 
ing  cells  in  experimental  group/#  invading  cells  in  control  groups. 


ELSA  for  HA 

Concentrations  of  HA  in  culture  supernatants  or  plasma  from  patients  were  de¬ 
termined  using  HA  ELSA  kit  (Echelon)  according  to  the  manufacturers’  instructions. 

qRT-PCR 

Total  RNA  was  isolated  from  infected  or  uninfected  cells  using  the  RNeasy  Mini 
kit  according  to  the  manufacturer’s  instructions  (QIAGEN).  cDNA  was  synthesized 
from  equal  total  RNA  using  Superscript  III  First-Strand  Synthesis  SuperMix  Kit 
(Invitrogen)  according  to  the  manufacturer’s  procedures.  The  primers  designed  for 
target  genes  are  displayed  in  Supplemental  Table  1.  Amplification  experiments  were 
carried  out  using  an  iCycler  IQ  Real-Time  PCR  Detection  System,  and  cycle  thresh¬ 
old  (Ct)  values  were  tabulated  in  duplicate  (cDNA)  for  each  gene  of  interest  for  each 
experiment.  “No  template”  (water)  controls  were  also  used  to  ensure  minimal  back¬ 
ground  contamination.  Using  mean  Ct  values  tabulated  for  different  experiments  and 
using  Ct  values  for  p-actin  as  loading  controls,  fold  changes  for  experimental  groups 
relative  to  assigned  controls  were  calculated  using  automated  iQ5  2.0  software 
(Bio-rad). 

Patients  and  ethics  statement 

The  study  was  approved  by  the  Institutional  Review  Board  for  Human  Re¬ 
search  (IRB,  No.  8079)  at  Louisiana  State  University  Health  Science  Center  -  New 
Orleans  (LSUHSC-NO).  All  subjects  were  provided  written  informed  consent.  In  the 
current  study,  a  total  of  28  HIV+  patients  with  antiretroviral  treatment  (ART)  in  our 
HIV  Outpatient  (HOP)  Clinic  are  involved.  There  are  15  females  and  13  males,  the 
average  age  is  48.6  y  (range  21-65  y).  The  average  CD4  T  cell  count  is  539/mL  (range 
35-1773/mL),  and  the  average  HIV  viral  loads  is  5928  copies/mL  (range  25-66681 
copies/mL). 

Plasma  and  PBMC  preparation 

Whole  blood  was  collected  in  heparin-coated  tubes,  and  peripheral  blood  mono¬ 
nuclear  cells  (PBMCs)  were  isolated  over  a  Ficoll-Hypaque  cushion.  Plasma  was  isolated 
by  centrifugation.  The  KSHV  infection  status  was  determined  by  using  quantitative 
ELISAs  for  identifying  circulating  IgG  antibodies  to  KSHV  proteins  (LANA  and  K8.1) 
as  previously  described  [15,16]. 

Statistical  analysis 

Significance  of  differences  between  experimental  and  control  groups  was  de¬ 
termined  using  the  two-tailed  Student’s  t-test  (Excel  8.0).  The  linear  analyses  were 
determined  using  SPSS  Statistics  20.0. 

Results 

KSHV  de  novo  infection  induces  HA  production  from  primary 
endothelial  cells  through  CD147 

By  using  an  enzyme-linked  sorbent  assay  (ELSA),  we  found  that 
KSHV  de  novo  infection  induced  a  significant  increase  in  extracel¬ 
lular  HA  produced  by  human  umbilical  vein  endothelial  cells 
(HUVEC);  accumulation  of  extracellular  HA  continued  for  at  least 
96  h  post-infection  (Fig.  1A).  Furthermore,  immunofluorescence  assay 
(1FA)  data  indicated  that  KSHV  de  novo  infection  also  induced  in¬ 
tracellular  HA  accumulation  within  the  HUVEC,  when  compared  to 
uninfected  mock  cells  (Fig.  IB).  There  are  three  human  HA  syn¬ 
thase  genes  ( Hasl-3 )  responsible  for  HA  production  [17],  and  our 
data  indicated  that  KSHV  infection  prominently  increased  Hasl  tran¬ 
scripts,  while  having  little  or  no  effect  on  Has2  or  Has3  transcripts 
(Fig.  1C).  To  confirm  the  role  of  Hasl  in  KSHV-induced  HA  produc¬ 
tion,  we  directly  targeted  Hasl  by  RNAi  and  showed  that  it 
significantly  reduced  HA  production  from  KSHV-infected  HUVEC 
(Fig.  ID). 

Previous  studies  have  shown  that  HA  production  is  regulated  by 
a  multifunctional  glycoprotein,  CD147  (emmprin;  basigin),  in  several 
types  of  tumor  cells  [12,18,19],  Our  data  confirmed  that  directly  tar¬ 
geting  CD147  by  RNAi  significantly  reduced  HA  production  from 
KSHV-infected  HUVEC  (Fig.  2A).  Interestingly,  targeting  CD147  by 
RNAi  also  decreased  Hasl  transcription  but  not  Has2  and  Has3 
(Fig.  2B),  while  knock-down  of  Hasl  by  RNAi  decreased  CD147  tran¬ 
scription  but  not  Has2  and  Has3  (Fig.  SI ),  implying  a  positive  feedback 
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Fig.  1.  KSHV  de  novo  infection  induces  HA  production  through  upregulation  of  Has  1.  (A)  Human  umbilical  vein  endothelial  cells  (HUVEC)  were  infected  with  purified  KSHV 
(MOI  -10)  for  2  h,  then  the  extracellular  HA  production  at  indicated  time-points  post-infection  (p.i.)  was  measured  and  compared  with  mock  cells  control  by  ELSA.  (B)  Cells 
were  infected  as  above,  and  immunofluorescence  (1FA)  was  used  to  detect  endogenous  HA  production  at  48  h  p.i.  (C)  Transcripts  representing  the  3  HA  synthase  genes  ( Hasl-3 ) 
were  quantified  by  qRT-PCR.  (D)  Cells  were  infected  with  KSHV  for  2  h,  then  transfected  with  either  negative  control  siRNA  (n-siRNA)  or  Hasl-siRNA  for  48  h,  and  the  extracellular 
HA  production  was  measured  by  ELISA.  Error  bars  represent  the  S.E.M.  for  three  independent  experiments.  **  =  p  <  0.01. 


for  regulation  of  CD147  and  Hasl.  In  comparison,  oHA  treatment 
caused  reduction  of  Hasl  and  Has2  transcription  but  did  not  affect 
CD147  or  Has3  (Fig.  2C). 

HA  production  is  induced  by  the  viral  latent  protein  LANA  and 
requires  LANA  functional  domain  A  and  MAPK/ERK  signaling 
activities 

In  more  than  90%  of  KSHV-infected  host  cells,  the  virus  exists 
at  latency  stage  [20],  implying  that  some  viral  latent  proteins  are 
probably  responsible  for  inducing  HA  production.  Latency-associated 
nuclear  antigen  (LANA)  is  one  of  the  only  viral  proteins  consis¬ 
tently  expressed  in  all  KS-associated  malignancies  [21  ],  and  its  major 
function  is  to  maintain  viral  episome  in  latently-infected  cells  [22], 
as  well  as  to  modulate  expression  of  a  variety  of  viral  and  cellular 
genes  [23,24],  To  determine  the  role  of  LANA  in  inducing  HA  pro¬ 
duction,  we  ectopically  expressed  LANA  by  transfection  of  HUVEC 
with  a  recombinant  construct  [25]  (Fig.  3A),  and  showed  that  LANA 
was  sufficient  for  induction  of  HA  production  through  upregulation 
of  Hasl  transcription  (Fig.  3B,  C). 


The  LANA  protein  sequence  can  be  divided  into  three  function¬ 
al  domains:  a  conserved  proline-  and  serine-rich  N-terminal  region 
(domain  A),  a  central  region  composed  of  several  acidic  repeats 
(domain  B),  and  a  conserved  C-terminal  domain  containing  a  proline- 
rich  region  and  a  region  rich  in  charged  and  hydrophobic  amino  acids 
(domain  C)  [26].  Both  N-  and  C-terminal  domains  contain  a  nuclear 
localization  sequence  (NLS,  Fig.  4A).  Further  IFA  data  indicated  that 
the  LANA-A  fragment  containing  the  N-terminal  NLS  localized  to 
the  nucleus  in  a  similar  fashion  to  the  full-length  control,  while  the 
C-terminal  NLS  within  the  LANA-BC  fragment  was  non-functional 
(Fig.  4B),  which  is  in  accordance  with  previous  findings  [27,28].  By 
using  a  variety  of  LANA  deletion  fragment  and  full-length  control 
constructs,  we  found  that  the  LANA  domain  A  (LANA-A)  was  suf¬ 
ficient  to  induce  CD147  expression  with  equivalent  efficiency  to  the 
full-length  control  (Fig.  4C). 

Our  published  data  have  indicated  that  LANA  upregulates  CD147 
expression,  although  the  underlying  mechanisms  remain  unclear 
[25].  Here  we  showed  that  LANA-A  was  sufficient  to  induce  hasl 
transcription  and  HA  production,  both  of  which  were  blocked  by 
RNAi  targeting  CD147  (Fig.  4D,  E).  We  have  previously  shown  that 
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Fig.  2.  CD147  is  involved  in  KSHV-induced  HA  production.  (A,  B)  HUVEC  were  infected  with  KSHV  for  2  h,  then  transfected  with  either  negative  control  siRNA  (n-siRNA)  or 
CD147-siRNA  for  48  h,  and  the  extracellular  HA  production  was  measured  by  ELSA.  Gene  expression  was  quantified  by  qRT-PCR.  (C)  Cells  were  infected  with  KSHV  for  2  h,  then 
treated  with  or  without  oHA  ( 1 50  ug/mL)  for  48  h,  and  gene  transcripts  were  quantified  by  qRT-PCR.  Error  bars  represent  the  S.E.M.  for  three  independent  experiments.  **  =  p  <  0.01. 


the  mitogen-activated  protein  kinase  (MAPK)  pathway  is  involved 
in  KSHV  upregulation  of  CD147  [29],  Here  we  found  that  ectopic 
expression  of  LANA  increased  the  phosphorylation  of  MAPK/ERK 
(Fig.  5A)  but  did  not  affect  NF-kB  p65  phosphorylation  (data  not 


shown)  in  HUVEC.  Blocking  the  activities  of  MAPK  by  its  specific 
inhibitor  U0126  significantly  reduced  Has J  transcription  and  HA 
production  by  LANA-transfected  cells  and  KSHV-infected  cells,  while 
NF-kB  inhibitor  Bayl  1-7082  had  no  such  effects  (Fig.  5B-E). 
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Fig.  3.  KSHV-encoded  LANA  protein  is  sufficient  to  induce  HA  production  from  primary  endothelial  cells.  (A-C)  HUVEC  were  transfected  with  control  vector  (pc),  or  vectors 
encoding  LANA  (pcLANA)  at  0.2, 1.0  or  2.5  pg,  respectively,  for  48  h,  then  protein  expression,  HA  production  and  Has  genes  transcription  were  measured  by  immunoblots, 
ELSA,  qRT-PCR,  respectively.  Error  bars  represent  the  S.E.M.  for  three  independent  experiments.  **  =  p  <  0.01. 
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Fig.  4.  LANA  induces  HA  production  requiring  functional  domain  A  and  CD147.  (A)  Putative  domain  structure  of  LANA  based  on  primary  sequence  features.  The  N-terminal 
region  (domain  A)  is  rich  in  prolines  and  serines  and  contains  a  putative  nuclear  localization  sequence  (NLS).  The  central  region  of  LANA  (domain  B)  is  composed  of  several 
repeats  and  is  very  acidic.  The  C-terminal  region  (domain  C)  also  contains  a  putative  NLS.  All  fragment  variants  and  their  coordinates  are  depicted  below  the  domain  model 
of  LANA.  (B)  HUVEC  were  transfected  with  control  vector  pc,  full-length  LANA  construct  pcLANA,  and  fragment  variants  pcLANA-A,  pcLANA-BC,  respectively,  for  48  h.  IFA 
was  used  to  detect  their  cellular  localization,  and  the  nuclear  shown  by  DAPI.  (C-E)  Cells  were  transfected  with  control  vector  pc,  full-length  LANA  construct  and  fragment 
variants,  respectively,  for  48  h.  Immunoblots,  qRT-PCR  and  ELSA  were  used  to  detect  CD  147  expression,  Hasl  transcription  and  extracellular  HA  production,  respectively. 
Error  bars  represent  the  S.E.M.  for  three  independent  experiments.  **  =  p  <  0.01. 
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Fig.  5.  The  MAPK/ERK  pathway  is  involved  in  LANA-induced  HA  production  from  primary  endothelial  cells.  (A-C)  HUVEC  were  transfected  with  control  vector  (pc),  or  vectors 
encoding  LANA  (pcLANA)  at  0.2,  1.0  or  2.5  pg,  respectively,  for  48  h,  then  some  cells  were  treated  with  vehicle,  MAPK  inhibitor  U0126  (10  pM),  or  NF-k'B  inhibitor  Bayl  1- 
7085  (10  pM)  for  2  h  followed  by  an  additional  24  h-culture.  (D,  E)  Cells  were  infected  with  KSHV  for  2  h,  then  treated  with  vehicle  or  signaling  inhibitors  as  above.  Protein 
expression,  Hasl  gene  transcription  and  HA  production  were  measured  as  above.  Error  bars  represent  the  S.E.M.  for  three  independent  experiments.  **  =  p  <  0.01. 


Immunoblot  analysis  indicated  that  U0126  treatment  greatly 
reduced  CD147  expression  (Fig.  S2A).  Moreover,  overexpression  of 
ERK  by  a  recombinant  vector  [14]  significantly  upregulated  Hasl 
transcripts  but  slightly  increased  CD  147  transcripts,  while  additional 
silencing  of  CD147  by  RNAi  partially  reduced  Hasl  transcripts, 
implying  other  mechanisms  independent  of  CD147  are  probably 
involved  in  MAPK-ERK  upregulation  of  Hasl  (Fig.  S2B,  C). 

Targeting  HA  production  represses  KSHV /LANA-induced  endothelial 
cell  invasiveness 

Acquisition  of  a  migratory  or  invasive  phenotype  represents  one 
hallmark  of  KSHV-infected  endothelial  cells,  with  implications  for 
both  viral  dissemination  and  angiogenesis  within  KS  lesions  [30], 
Here  we  found  that  either  targeting  CD147  or  Hasl  by  RNAi  or  in¬ 
hibiting  HA-receptor  interactions  by  oHA  treatment  significantly 
blocked  KSHV-induced  endothelial  cell  invasiveness,  as  measured 
by  the  transwell  assays  (Fig.  6A).  Further  analysis  indicated  that  RNAi 
against  CD147  or  Hasl  or  oHA  treatment  also  reduced  VEGF,  a  major 
pro-migratory  and  pro-angiogenic  factor  production  for  endothe¬ 
lial  cells  (Fig.  6B).  These  results  suggest  that  the  effects  of  HA  and 
CD147  on  invasiveness  are  potentially  mediated  by  VEGF.  We  further 
found  that  LANA-A  induced  endothelial  cell  invasiveness  with  a 
similar  efficiency  as  the  full-length  LANA,  and  that  the  effect  of  LANA 
on  invasiveness  was  significantly  blocked  by  targeting  CD147  or  Hasl 


with  RNAi  or  by  inhibiting  HA-receptor  interactions  via  oHA  treat¬ 
ment  (Fig.  6C).  Interestingly,  we  found  that  silencing  of  Hasl  also 
partially  reduced  the  transcripts  of  VEGF  receptor  1  and  2  (VEGFR1 
and  VEGFR2),  while  silencing  of  CD147  mainly  reduced  the  tran¬ 
scripts  of  VEGFR2  (Fig.  S3).  Taken  together,  our  data  indicate  that 
HA  production  is  required  for  KSHV-  or  viral  protein-induced  in¬ 
vasiveness  of  primary  endothelial  cells. 

Upregulation  of  HA  production  and  Hasl  in  KSHV+  HIV-infected 
patients 

To  explore  the  clinical  relevance  of  HA  production  within  KSHV+ 
HIV-infected  patients,  we  tested  plasma  HA  levels  by  ELSA  in  a  small 
collection  of  our  cohort  of  HIV-infected  patients;  KSHV  infection 
status  in  these  patients  was  determined  as  described  in  Materials 
and  Methods.  We  found  that  the  KSHV+  group  (n  =  16)  had  higher 
HA  concentrations  in  their  plasma  than  those  from  the  KSHV-  group 
(n  =  12)  of  HIV-infected  patients  (Fig.  7A).  Further  analysis  of  a  subset 
of  these  same  patients  indicated  that  the  KSHV+  group  had  higher 
Hasl -3  transcripts  within  their  peripheral  blood  mononuclear  cells 
(PBMCs)  than  those  from  the  KSHV-  group  (Fig.  7B).  Only  the 
difference  in  Hasl  level  was  highly  statistically  significant,  whereas 
Has2  level  was  moderately  significant  and  the  Has3  level  had  no 
significance.  Moreover,  in  the  KSHV+  group,  only  the  Hasl  level  was 
highly  linearly  correlated  with  HA  concentration  whereas  Has2  and 
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Fig.  6.  Targeting  HA  production  represses  KSHV/LANA-induced  endothelial  cell  invasiveness.  (A)  HUVEC  were  infected  with  KSHV  for  2  h,  then  transfected  with  either  neg¬ 
ative  control  siRNA  (n-siRNA)  or  Hasl-siRNA,  CD147-siRNA,  or  treated  with  oHA  (150  pg/mL)  for  48  h,  and  cell  invasion  was  assessed  using  the  transwell  assays  and  calculations 
detailed  in  Materials  and  Methods.  (B)  VEGF  concentrations  within  the  culture  supernatant  were  quantified  by  ELISA.  (C)  Cells  were  transfected  with  control  vector  pc,  full- 
length  LANA  construct  pcLANA,  and  fragment  variants,  respectively,  for  48  h.  Some  cells  were  then  transfected  with  either  negative  control  siRNA  (n-siRNA)  or  Hasl-siRNA, 
CD147-siRNA,  or  treated  with  oHA  (150  pg/mL)  for  an  additional  48  h.  Cell  invasion  was  assessed  as  above.  Error  bars  represent  the  S.E.M.  for  three  independent  experi¬ 
ments.  **  =  p  <  0.01. 


Has3  levels  had  moderate  or  no  linear  correlation,  respectively 
(Fig.  7C).  In  contrast,  there  was  no  linear  correlation  between  HA 
concentrations  and  HIV  viral  loads  or  CD4  counts  from  these  patients 
(Fig.  S4),  implying  that  HA  production  was  potentially  induced  by 
KSHV  co-infection. 

Discussion 

As  mentioned  above,  HA  binds  with  a  number  of  cellular  recep¬ 
tors,  leading  directly  or  indirectly  to  activation  of  downstream 
signaling  pathways  [2],  Although  the  current  study  does  not  address 
the  levels  of  HA  receptors  on  KSHV-infected  primary  endothelial  cells, 
we  have  observed  upregulation  of  HA  receptors  including  CD44  and 
LYVE-1  by  either  KSHV  de  novo  infection  or  ectopic  expression  of 
LANA  (Fig.  S5).  Interestingly,  LYVE-1  has  been  found  highly  ex¬ 
pressed  by  KSHV-infected  cells  and  within  KSHV-associated  tumors 


[31  ],  although  its  role  in  HA-mediated  signaling  and  functions  remains 
largely  unknown.  Another  major  HA  receptor,  CD44,  is  also  a  well- 
known  cancer  stem  cell  (CSC)  marker  for  many  tumors  [32],  while 
its  functions  in  KSHV  pathogenesis  and  tumorigenesis  still  remain 
unclear.  Therefore,  future  work  is  required  to  understand  the  con¬ 
tribution  to  KSHV  pathogenesis  by  regulation  of  these  HA  receptors. 

Here  we  have  shown  that  HA  and  related  signaling  pathways  are 
involved  in  KSHV-infected  cell  invasiveness.  Previous  studies  suggest 
that  they  may  also  regulate  other  functions  within  these  cells,  such 
as  multidrug  resistance  and  endothelial-to-mesenchymal  transfor¬ 
mation  (EndMT).  We  and  others  have  found  that,  in  response  to 
interaction  with  HA,  HA  receptors  interact  with  many  signaling  and 
transporter  proteins  such  as  ErbB2,  EGFR,  BCRP,  P-glycoprotein,  and 
monocarboxylate  transporters  (MCTs)  to  mediate  cancer  cells’ 
multidrug  resistance  [12,13,33-35].  EndMT  is  an  important  patho¬ 
physiologic  correlate  for  cancer  progression,  and  two  recent  studies 
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Fig.  7.  Upregulation  of  HA  production  and  Has  1  in  KSHV+  HIV-infected  patients.  (A)  The  HA  concentrations  within  plasma  from  HIV-infected  patients  were  quantified  using 
ELSA.  KSHV  infection  status  was  identified  as  described  in  Materials  and  Methods.  (B)  The  transcriptional  levels  of  Has  1-3  within  PBMCs  from  the  same  patients  were  quan¬ 
tified  by  qRT-PCR.  (C)  The  linear  analysis  of  the  correlation  between  HA  concentrations  and  Has  1-3  transcriptional  levels  was  performed  by  SPSS. 


demonstrate  that  EndMT  is  induced  by  KSHV  infection  and  contrib¬ 
utes  to  viral  tumorigenesis  [36,37],  Interestingly,  HA  has  been  found 
as  a  critical  regulator  of  EndMT  during  cardiac  valve  formation  [38,39], 
We  found  a  higher  level  of  HA  production  and  Has  gene  tran¬ 
scripts  in  KSHV+  than  KSHV-  groups  of  HIV-infected  patients. 
Moreover,  no  linear  correlation  was  observed  between  HA  concen¬ 
trations  and  HIV  viral  loads  or  CD4  counts  from  the  same  patients, 


indicating  the  importance  of  KSHV  co-infection  for  regulation  of  HA 
production.  However,  due  to  the  small  number  of  samples  ana¬ 
lyzed  here,  the  final  conclusion  still  requires  analyses  of  additional 
samples  from  HIV-infected  patients.  Therefore,  we  are  now  working 
with  clinicians  within  LSUHSC  HIV  Outpatient  (HOP)  Clinic  to  collect 
more  plasma  and  PBMC  samples  from  HIV-infected  patients  to  con¬ 
tinue  this  analysis. 


166 


L.  Dai  et  al./Cancer  Letters  362  (20L5)  158-166 


Published  data  have  reported  a  higher  level  of  plasma  HA  within 
H1V/HCV  co-infected  patients,  and  patients  with  liver  fibrosis  and/or 
cirrhosis  [40,41  ].  Therefore,  we  cannot  exclude  the  possibility  of  other 
pathogen  co-infection  or  pathological  conditions  contributing  to 
upregulation  of  HA  levels  in  our  cohort  of  HIV-infected  patients.  These 
factors  should  be  resolved  by  further  investigation  in  future. 
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ABSTRACT 

Kaposi's  sarcoma-associated  herpesvirus  (KSHV)  is  the  etiological  agent  of 
primary  effusion  lymphoma  (PEL),  a  rapidly  progressing  malignancy  mostly  arising 
in  HIV-infected  patients.  Even  under  conventional  chemotherapy,  PEL  continues  to 
portend  nearly  100%  mortality  within  several  months,  which  urgently  requires  novel 
therapeutic  strategies.  We  have  previously  demonstrated  that  targeting  xCT,  an  amino 
acid  transporter  for  cystine/glutamate  exchange,  induces  significant  PEL  cell  apoptosis 
through  regulation  of  multiple  host  and  viral  factors.  More  importantly,  one  of  xCT 
selective  inhibitors.  Sulfasalazine  (SASP),  effectively  prevents  PEL  tumor  progression 
in  an  immune-deficient  xenograft  model.  In  the  current  study,  we  use  Illumina 
microarray  to  explore  the  profile  of  genes  altered  by  SASP  treatment  within  3  KSHV+ 

PEL  cell-lines,  and  discover  that  many  genes  involved  in  oxidative  stress/antioxidant 
defense  system,  apoptosis/anti-apoptosis/cell  death,  and  cellular  response  to 
unfolded  proteins/topologically  incorrect  proteins  are  potentially  regulated  by  xCT.  We 
further  validate  2  downstream  candidates,  OSGIN1  (Oxidative  stress-induced  growth 
inhibitor  1)  and  XRCC5  (X-ray  repair  cross-complementing  protein  5),  and  evaluate 
their  functional  relationship  with  PEL  cell  survival/proliferation  and  chemoresistance, 
respectively.  Together,  our  data  indicate  that  targeting  these  novel  xCT-regulated 
downstream  genes  may  represent  a  promising  new  therapeutic  strategy  against  PEL 
and/or  other  AIDS-related  lymphoma. 

INTRODUCTION 

The  oncogenic  Kaposi’s  sarcoma-associated 
herpesvirus  (KSHV,  also  known  as  Human  herpesvirus  8) 
is  a  principal  causative  agent  of  several  human  cancers 
including  primary  effusion  lymphoma  (PEL),  which  arises 
preponderantly  in  immunocompromised  individuals,  in 
particular  acquired  immune  deficiency  syndrome  (AIDS) 


patients  [1].  PEL  usually  comprises  transformed  B  cells 
harboring  KSHV  episomes  and  presents  as  pleural, 
peritoneal  and  pericardial  neoplastic  effusions  [2].  PEL  is 
a  rapidly  progressing  malignancy  with  a  median  survival 
time  of  approximately  6  months  even  under  conventional 
chemotherapy  [3].  Furthermore,  the  myelosuppressive 
effects  of  systemic  cytotoxic  chemotherapy  synergize 
with  those  caused  by  antiretroviral  therapy  or  immune 
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suppression  [2-4],  which  supports  the  need  to  identify 
novel  targets  that  could  guide  development  of  more 
effective  therapeutic  strategies.  Recently,  we  found  that 
the  amino  acid  transporter,  xCT,  is  highly  expressed  on 
the  surface  of  patient-derived  KSHV+  PEL  cells,  and 
targeting  xCT  by  pharmacological  inhibition  or  KNAi 
silencing  induces  significant  PEL  cell  apoptosis  [5].  We 
further  demonstrated  that  the  underlying  mechanisms 
for  this  effect  include  regulation  of  both  host  and  viral 
factors:  (i)  reduction  of  intracellular  glutathione  (GSH) 
synthesis  and  increased  reactive  oxygen  species  (ROS) 
production,  (ii)  repression  of  cell-proliferation-related 
signaling,  in  particular  Akt  pathway,  and  (iii)  induction 
of  viral  lytic  gene  expression  [5].  More  importantly,  we 
demonstrated  that  an  xCT  selective  inhibitor,  Sulfasalazine 
(SASP),  effectively  prevents  PEL  tumor  progression  in  an 
immune-deficient  xenograft  model  [5],  which  suggests 
that  xCT  may  represent  a  promising  target  for  AIDS- 
related  lymphomas. 

The  expression  of  xCT  on  the  cell  membrane  is 
essential  for  the  uptake  of  cystine  required  for  synthesis 
of  intracellular  glutathione  (GSH),  an  anti-oxidant  that 
plays  an  important  role  in  maintaining  the  intracellular 
redox  balance  [6,  7].  Therefore,  xCT  is  highly  expressed 
by  a  variety  of  malignant  tumors  because  the  uptake  of 
cystine/cysteine  from  the  microenvironment  is  crucial 
for  cancer  cell  growth  and  viability  [8-11].  Interestingly, 
xCT  has  also  been  identified  as  a  fusion-entry  receptor 
for  KSHV  [12,  13],  which  is  upregulated  within  more 
advanced  Kaposi’s  sarcoma  (KS,  another  KSHV-related 
malignancy[14])  lesions  containing  a  greater  number  of 
KSHV-infected  cells  [15].  We  also  recently  reported  that 
xCT  is  able  to  activate  intracellular  signaling  pathways 
(in  particular  MAPK),  pro-migratory  cytokine  release, 
and  KSHV-infected  endothelial  cell  invasion  through 
induction  of  the  14-3-3(3  protein  [16].  Moreover,  xCT  is 
functionally  involved  in  the  pathogenesis  of  other  viruses 
and  bacteria  as  well  [17-20].  However,  the  mechanisms 
of  xCT-mediated  regulation  of  KSHV  pathogenesis  and 
tumorigenesis,  including  the  xCT  regulatory  network 
in  AIDS-related  lymphomas  such  as  KSHV+  PEL 
remain  unknown.  Clearly,  innovative  insights  from 
this  information  would  facilitate  the  identification  of 
potential  “drug  target”  candidates  for  development  of 
new  therapeutic  strategies.  Therefore,  in  the  current 
study  we  used  Illumina  human  microarray  analysis  to 
interrogate  changes  in  the  transcriptional  profiles  of  genes 
in  3  KSHV+  PEL  cell-lines  treated  with  the  xCT  selective 
inhibitor,  SASP,  which  led  to  identification  of  a  number  of 
novel  xCT-regulated  downstream  genes  important  to  PEL 
survival  or  chemoresistance. 


RESULTS 


Microarray  analysis  of  xCT-regulated  network 
within  KSHV+  PEL  cells 

We  first  used  the  HumanHT-12  v4  Expression 
BeadChip  (Illumina)  which  contains  more  than  47,000 
probes  derived  from  the  NCBI  RefSeq  Release  38  and 
other  sources  to  study  the  gene  profile  altered  between 
vehicle-  or  SASP-treated  3  KSHV+  PEL  cell-lines  (BCP- 
1,  BC-1  and  BCBL-1).  Intersection  analysis  indicated 
that  there  were  totally  100  common  genes  significantly 
altered  within  all  the  3  SASP-treated  cell-lines  (up/ 
down>2  folds  and  p  <  0.05);  33  similar  genes  altered 
between  BCBL-1  and  BC-1,  93  similar  between  BCBL- 
1  and  BCP-1,  and  124  similar  between  BC-1  and  BCP- 
1;  80  genes  altered  were  unique  to  BCBL-1,  150  unique 
to  BCP-1  and  640  unique  to  BC-1  (Figure  1).  Notably, 
BC-1  cells,  which  are  also  EBV+,  had  a  much  higher 
number  of  uniquely  altered  genes  than  BCBL-1  and  BCP- 
1.  Within  the  common  gene  set,  the  top  20  upregulated 
or  downregulated  candidate  genes  in  SASP-treated 
BCP-1,  BC-1  and  BCBL-1  cell- lines  are  listed  in  Table 
1  and  Table  2,  respectively,  including  gene  description 
and  the  altered  level  of  transcription  in  these  cell-lines. 
Interestingly,  we  found  that  the  functional  role  of  most 
genes  in  PEL  pathogenesis  have  never  been  reported, 
although  some  of  them  have  been  implicated  in  other  types 
of  malignancies.  For  example,  SRXN1  (Sulfiredoxin-1), 
which  is  upregulated  in  all  three  SASP-treated  PEL  cell 
lines  (Table  1)  is  involved  in  proliferation  inhibition  of 
acute  myeloid  leukemia  mediated  by  Maesopsin  4-O-beta- 
D-glucoside,  a  natural  compound  isolated  from  the  leaves 
of  Artocarpus  tonkinensis)  [21].  Another  study  reported 
that  activation  of  PFKP  (6-phosphofructokinase  type  C), 
which  is  downregulated  in  SASP-treated  PEL  cells  (Table 
2)  is  closely  associated  with  breast  cancer  cell  proliferation 
[22],  The  opposite  effects  of  SASP  on  SRXN1  and  PFKP 
transcription  underscores  the  putative  benefits  of  this  drug 
in  clinical  management  of  PEL  as  well.  We  next  performed 
enrichment  analysis  of  these  common,  similar  and  unique 
sets  of  genes  using  the  Pathway  map.  Gene  Ontology 
(GO)  Processes  and  Process  Networks  modules  from 
Metacore  Software  (Thompson  Reuters)  [23].  Our  analysis 
shows  that  several  major  cellular  functions  were  affected 
within  SASP-treated  PEL  cells,  including  oxidative  stress/ 
antioxidant  defense  system,  apoptosis/anti-apoptosis/ 
cell  death,  and  cellular  response  to  unfolded  proteins/ 
topologically  incorrect  proteins,  which  is  consistent 
with  the  SASP-induced  apoptosis  phenotype  that  we 
recently  observed  in  KSHV+  PEL  cell-lines  [5].  The  top  2 
scored  pathway  maps  and  protein  networks  based  on  the 
enrichment  analysis  of  “common”  gene  set  were  listed  in 
Figure  3  and  SI,  respectively. 
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Table  1:  The  top  20  candidate  genes  upregulated  in  KSHV+  PEL  cells  treated  by  SASP. 


Gene  symbol 

Description 

Fold  change 

BCP-1 

BC-1 

BCBL-1 

OSGIN1 

Oxidative  stress-induced  growth  i  nil  i  hi  tor  1 

14.73 

5.85 

7.87 

HSPA6 

Heat  shock  70  kDa  protein  6 

4.36 

14.97 

4.75 

MSC 

Musculin 

7.51 

8.53 

5.46 

DHRS2 

Dehydrogenase/reductase  SDR  family  member  2,  mitochondrial 

10.64 

5.75 

4.36 

PPP1R15A 

Protein  phosphatase  1  regulatory  subunit  15A 

6.77 

6.14 

6.45 

HSPA1A 

Heat  shock  70  kDa  protein  1 

7.05 

5.57 

5.24 

SRXN1 

Sulfiredoxin- 1 

7.53 

3.03 

5.85 

GCLM 

Glutamate— cysteine  ligase  regulatory  subunit 

6.24 

4.12 

5.25 

SQSTM1 

Sequestosome-1 

7.46 

2.24 

5.3 

RN7SK 

RNA,  7SK  small  nuclear  transcript 

4.98 

4.62 

4.81 

HSPA7 

Putative  heat  shock  70  kDa  protein  7 

3.04 

7.69 

3.44 

DNAJB1 

DnaJ  homolog  subfamily  B  member  1 

5.81 

4.67 

3.48 

DNAJC3 

DnaJ  homolog  subfamily  C  member  3 

3.87 

7.39 

2.46 

LILRB3 

Leukocyte  immunoglobulin-like  receptor  subfamily  B  member  3 

4.71 

3.4 

4.59 

RNF141 

RING  finger  protein  141 

5.23 

3.3 

3.86 

C6orf52 

Putative  uncharacterized  protein  C6orf52 

2.81 

5.81 

3.17 

CCL3L3 

C-C  motif  chemokine  3 -like  1 

4.66 

4.11 

2.43 

ZCWPW1 

Zinc  finger  CW-type  PWWP  domain  protein  1 

3 

5.69 

2.42 

SLC3A2 

4F2  cell-surface  antigen  heavy  chain 

4.16 

4.63 

2.28 

DDIT3 

DNA  damage-inducible  transcript  3  protein 

3.51 

2.97 

4.33 

BCBL-1 


BCP-1 


Figure  1:  Intersection  analysis  of  gene  profile  altered  within  S ASP-treated  PEL  cell-lines.  The  HumanHT-12  v4  Expression 
BeadChip  (Illumina)  was  used  to  detect  genomic  gene  profile  altered  within  3  SASP-treated  PEL  cell-lines  (BCBL-1,  BC-1  and  BCP-1) 
when  compared  with  vehicle-treated  controls.  Intersection  analysis  of  significantly  altered  genes  (up/down>2  folds  and  p  <  0.05)  was 
performed  using  the  Illumina  GenomeStudio  Software.  Set  I:  Common  genes  altered  in  all  the  3  cell-lines;  Set  II:  Similar  genes  altered  in 
every  2  cell-lines;  Set  III:  Unique  genes  altered  in  each  cell-line. 
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Experimental  validation  of  microarray  results 
with  selected  downstream  candidates 

We  next  selected  5  genes  from  the  top  20 
upregulated  or  downregulated  candidate  list  (Table  1 
and  2)  for  validation  of  their  transcriptional  change 
by  qRT-PCR.  Our  results  indicated  that  all  the  5  genes 
(■ OSGIN1 ,  HSPA6,  DHRS2,  PPP1R15A  and  HSPA1A) 
were  significantly  upregulated  in  SASP-treated  PEL  cells 
when  compared  with  vehicle-treated  cells;  while  another 
5  genes  (ASZI.  ARL4C,  NREP,  LGALS13,  PPIA)  were  all 
significantly  downregulated  in  SASP-treated  PEL  cells 
(Figure  4).  Moreover,  the  altered  transcriptional  levels  of 
these  genes  in  all  the  3  KSHV+  PEL  cell-lines  (BCBL- 
1,  BC-1  and  BCP-1)  were  comparable  to  those  found 
in  microarray  data,  demonstrating  the  credibility  of  our 
microarray  analysis. 

The  role  of  OSGIN1  in  SASP-induced  KSHV+ 
PEL  cell  apoptosis 

We  next  selected  OSGIN1  (Oxidative  stress-induced 
growth  inhibitor  1),  one  of  the  highly  upregulated  genes 
in  SASP-treated  KSHV+  PEL  cells  from  microarray  data, 
to  determine  its  role  in  SASP-induced  cell  apoptosis.  The 
OSGIN1  gene  (also  named  as  OKL38)  was  first  identified 
in  breast  epithelial  cells  as  increasingly  expressed  during 
pregnancy  and  lactation  [24].  Low-level  expression  of 
this  gene  has  been  reported  in  breast  cancer  cell  lines, 
while  its  overexpression  in  MCF-7  breast  cancer  cells 
leads  to  a  reduction  in  proliferation  as  well  as  tumor 


formation  in  nude  mice  [24].  As  a  tumor  suppressor, 
downregulation  of  OSG1N 1  was  also  found  to  be  closely 
associated  with  progression  of  other  malignancies  such 
as  hepatocellular  carcinoma  and  kidney  cancer  [25- 
27].  Here,  we  found  that  silencing  of  OSGIN1  by  RNAi 
significantly  reduced  cell  apoptosis  induced  by  SASP 
(0.5  mM)  in  BCP-1  and  BCBL-1  cells  (Figure  5 A  and 
S2).  Western  blot  analysis  also  indicated  that  silencing  of 
OSG1N1  by  RNAi  in  SASP-treated  BCP-1  and  BCBL-1 
greatly  reduced  cleaved  Caspase  3  and  9,  while  partially 
rescuing  the  phosphorylation  of  Akt,  downstream  P70S6, 
S6  and  the  expression  of  X-linked  inhibitor  of  apoptosis 
protein  (XIAP)  [28],  a  physiologic  substrate  of  Akt  that 
is  stabilized  to  inhibit  programmed  cell  death  (Figure 
5B).  We  have  previously  shown  that  SASP-induced 
PEL  apoptosis  may  also  be  orchestrated  via  reduction 
of  intracellular  GSH  synthesis  and  increased  ROS 
production  [5].  Here  we  found  that  silencing  of  OSGIN1 
significantly  restored  intracellular  GSH  synthesis  and 
reduced  ROS  production  from  SASP-treated  cells  (Figure 
5C-5D).  Biochemical  assays  further  confirmed  that 
silencing  of  OSGIN1  caused  a  reduction  in  the  activity  of 
NADPH  oxidase  (Figure  5E),  the  major  source  of  ROS 
production  [29,  30].  We  also  found  that  silencing  of  xCT 
by  RNAi  upregulated  OSGIN1  transcripts  in  BCBL-1 
cells,  indicating  that  this  gene  is  indeed  a  downstream 
target  of  xCT  (Figure  S3A).  Taken  together,  these  data 
demonstrate  the  central  role  of  OSGIN1  in  SASP-induced 
PEL  apoptosis,  which  involves  modulation  of  a  variety  of 
host  physiologic  factors. 

We  previously  reported  some  other  AIDS-related 
lymphoma  cell-lines  such  as  Burkitt’s  lymphoma  BL- 


A 

1  2  3 


.  -iogfpVdua) 

1  Oi  dairy*  ch*is_Ro*»  ol  Srtuinl 
and  PGC1  -alpha  in  activation  of 
antioxidant  dofonc*  system 

2  Apoptosis  and  survival_Role  of  IAP- 
proteins  in  apoptosis 

3  Signal  transducbon_PTMs  in  BAFF- 
induced  non-canonical  NF-hB 
ygnafcng 

4  Influence  of  low  doses  of  Arsemte  on 
Glucose  sbmOaied  Insufcn  secretion 
in  pancreatic  cells 

3  Transchptwn.Roie  of  AP- 1  in 
regulation  of  celiiar  metabotsm 

ft  Tranecripeon.Roie  of 

heterochromatin  protein  I  I  HP  1 1 
family  in  transcrpbonol  silencing 

7.  Immune  recponae_TNF-R2  signaling 
pathways 

8  Deveiopment_PEDF  cignatng 

9  Signal  transducfeon_NF4iB 
activation  pathways 

10  Apoptosic  and  survlval_Erdopiasmc 
retciAan  stress  response  pathway 


B 

3  $  9  12  15 


■togfpVjlue) 

1.  response  to  unfolded  pro  ten 

2.  response  to  topotegeoly  incorrect 
protein 

3.  positive  regulation  of  neuron 
opoptotc  process 

4.  response  to  endoplasmic  retaken 

sktss 

5  response  to  stress 

6  negative  regulation  of  inclusion  body 
xscmt *, 

7  regulation  of  .ipoptobc  process 

8  regulation  of  cal  death 

9.  protein  refolding 

10.  regulation  of  programmed  ccfl  death 


C 

1  2  3  4  5  6  7 


■‘Ndworks 


.-fogfpVabe) 

1  Protein  folding_Response  to  unfolded 
protein 

2  Protein  fokfing_Foldng  n  normal 
condition 

3  Apoptosis_Anb- apoptosis  mediated 
by  external  signals  via  NF-kB 

4  Carchac  development_Role  of  NADPH 
oxidase  and  ROS 

5  Chemotaxb 

6.  Cel  cyde.S  phase 

7  Apoptosis_Endoplasmic  reticulum 
stress  pathway 

8  Apoptosis_Anb-Apoptoss  mediated 
by  external  signals  by  Estrogen 

9.  Profcferation_Negatrve  regulation  of 
cell  proliferation 

10,  Transportjron  transport 


Common  □  Similar  Bi  BCBL-1  Unique  M  BCP-1  Unique 


BC-1  Unique 


Figure  2:  Enrichment  analysis  of  gene  profile  significantly  altered  by  inhibition  of  xCT  within  KSHV-infected  PEL 
cell-lines.  The  enrichment  analysis  of  gene  profile  (common,  similar  and  unique  profile  as  indicated)  significantly  altered  by  inhibition 
of  xCT  was  performed  using  the  Metacore  Software  (Thompson  Reuters)  Modules:  Pathway  Maps  (A),  Gene  Ontology  Processes  (B) 
and  Process  Networks  (C). 
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Figure  3:  The  top  2  scored  maps  (maps  with  the  lowest  p-value)  based  on  the  enrichment  distribution  sorted  by 
‘common’  gene  set.  (A)  Oxidative  stress:  Role  of  Sirtuinl  and  PGC1  alpha  in  activation  of  antioxidant  defense  system.  (B)  Apoptosis 
and  survival:  Role  of  IAP  proteins  in  apoptosis.  Experimental  data  from  all  files  is  linked  to  and  visualized  on  the  maps  as  thermometer 
like  figures.  Up-ward  thermometers  have  red  color  and  indicate  upregulated  signals  and  down  ward  (blue)  ones  indicate  downregulated 
expression  levels  of  the  genes.  Data  was  produced  by  the  Metacore  Software  (Thompson  Reuters). 
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Figure  4:  Validation  of  microarray  results  by  qRT-PCR  for  selected  candidate  genes.  The  transcriptional  levels  of  selected  5 
candidate  genes  upregulated  (A)  or  downregulated  (B)  as  shown  in  microarray  data  were  validated  by  using  qRT-PCR,  respectively.  Error 
bars  represent  the  S.E.M.  for  3  independent  experiments. 


Figure  5:  xCT  inhibition  induces  KSFIV-infeeted  PEL  cell  apoptosis  potentially  through  upregulation  of  OSGIN1. 

(A)  BCP-1  and  BCBL-l  were  transfected  with  either  negative  control  siRNA  (n-siRNA)  or  OSGINl-siKNA  for  48  h,  then  incubated  with 
0.5mM  of  SASP  for  additional  24  h  and  cell  apoptosis  was  assessed  using  Annexin  V-PI  staining  and  flow  cytometry  analysis.  (B)  Protein 
expression  in  BCBL-l  was  measured  by  immuoblots.  (C-D)  The  levels  of  intracellular  GSE1  and  ROS  were  quantified  as  described  in 
Methods.  (E)  The  activities  of  NADPH  oxidases  in  BCBL-l  were  measured  as  described  in  Methods.  Error  bars  represent  the  S.E.M.  for  3 
independent  experiments.  **/##  =p  <  0.01  (vs  SASP+n-siRNA  group). 
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Table  2:  The  top  20  candidate  genes  downregulated  in  KSHV+  PEL  cells  treated  by  SASP. 


Gene  symbol 

Description 

Fold  change 

BCP-1 

BC-1 

BCBL-1 

ASZ1 

Ankyrin  repeat,  SAM  and  basic  leucine  zipper  domain-containing 

protein  1 

0.31 

0.19 

0.32 

ARL4C 

ADP-ribosylation  factor-like  protein  4C 

0.25 

0.33 

0.25 

NREP 

Neuronal  regeneration-related  protein 

0.28 

0.26 

0.32 

SOCS2 

Suppressor  of  cytokine  signaling  2 

0.28 

0.23 

0.39 

FAM117B 

Protein  FAM117B 

0.33 

0.23 

0.4 

LGALS13 

Galactoside-binding  soluble  lectin  13 

0.32 

0.22 

0.44 

PPIA 

Peptidyl-prolyl  cis-trans  isomerase  A 

0.3 

0.26 

0.43 

BTF3L4 

Transcription  factor  BTF3  homolog  4 

0.36 

0.22 

0.41 

XRCC5 

X-ray  repair  cross-complementing  protein  5 

0.41 

0.11 

0.47 

E2F5 

Transcription  factor  E2F5 

0.35 

0.31 

0.35 

ENPP2 

Ectonucleotide  pyrophosphatase/phosphodiesterase  family  member 

2 

0.32 

0.28 

0.41 

PFKP 

6-phosphofructokinase  type  C 

0.35 

0.29 

0.38 

RBM17 

Splicing  factor  45 

0.4 

0.21 

0.42 

EPB41L3 

Band  4.1 -like  protein  3 

0.36 

0.3 

0.38 

ATP11B 

Probable  phospholipid-transporting  ATPase  IF 

0.3 

0.35 

0.4 

SERBP1 

Plasminogen  activator  inhibitor  1  RNA-binding  protein 

0.42 

0.15 

0.48 

PM20D2 

Peptidase  M20  domain-containing  protein  2 

0.47 

0.21 

0.37 

MYLIP 

E3  ubiquitin-protein  ligase  MYLIP 

0.21 

0.39 

0.47 

CBR4 

Carbonyl  reductase  family  member  4 

0.38 

0.22 

0.47 

TMPRSS3 

Transmembrane  protease  serine  3 

0.3 

0.32 

0.46 

41  and  BJAB  (both  are  KSHVl,eg/EBV1,eg)  with  highly 
expressed  xCT,  and  SASP  treatment  induced  significant 
apoptosis  for  BL-41  [5],  Here  we  found  that  silencing  of 
OSGIN1  by  siRNA  significantly  reduced  cell  apoptosis 
induced  by  SASP  (0.5  mM)  in  BL-41  cells  (Figure  S4). 
However,  simply  silencing  of  OSGIN1  did  not  induce 
apoptosis  for  primary  human  CD19+  B  cells  isolated  from 
peripheral  blood  of  healthy  donor  (Figure  S5). 


Targeting  XRCC5  impairs  DNA-damage  repair 
abilities  of  tumor  cells  and  promotes  low  dose  of 
SASP-induced  PEL  apoptosis 

We  were  also  interested  in  XRCC5  (X-ray  repair 
cross-complementing  protein  5,  also  known  as  Ku80), 
one  of  downregulated  genes  in  SASP-treated  KSHV*  PEL 
cells,  to  determine  its  role  in  SASP-induced  cell  apoptosis. 
Ku80  is  a  tightly  associated  heterodimer  of  ~70  kDa  and 
-80  kDa  subunits  (Ku70  and  Ku80)  that,  together  with 
the  -470  kDa  catalytic  subunit,  DNA-PKcs,  form  the 
DNA-dependent  protein  kinase  involved  in  repairing  DNA 
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double-strand  breaks  (DSBs)  caused  by  a  variety  of  stress 
factors  [31].  The  Ku80-dependent  repair  process,  called 
nonhomologous  end  joining  (NHEJ),  appears  to  be  the 
main  DNA  DSB  repair  mechanism  in  mammalian  cells 
[31,  32].  Interestingly,  Ku80-knockout  mice  are  small, 
and  their  cells  fail  to  proliferate  in  culture  and  show  signs 
of  premature  senescence  [33,  34].  Here  we  found,  for 
the  first  time,  that  silence  of  xCT  by  RNAi  significantly 
downregulates  XRCC5  (Ku80)  transcripts  in  BCBL-1 
cells,  indicating  that  XRCC5  is  also  a  downstream  gene 
target  of  xCT  (Figure  S3B).  Interestingly,  direct  siRNA 
silencing  of  XRCC5  enhanced  low-dose  SASP  (O.lmM)- 
induced  PEL  apoptosis,  potentially  due  to  impaired 
DNA-damage  repair  machinery  in  tumor  cells  (Figure 
6A  and  S6).  Immunoblot  and  immunofluorescence  data 
further  confirmed  that  silencing  of  XRCC5  in  low  dose 
S ASP-treated  BCBL-1  cells  increased  the  levels  of 
cleaved  Caspase  3  and  9  as  well  as  phosphorylated  p53 


(Serl5)  and  phosphorylated  Histone  H2A.X  (Serl39), 
the  two  markers  for  DNA-damage  [35]  (Figure  6B  and 
6C).  Moreover,  we  found  that  silencing  of  XRCC5  also 
enhanced  the  induction  of  apoptosis  and  programmed  cell 
death  by  low  dose  concentrations  of  other  DNA-damage 
reagents  such  as  Doxorubicin  (lOOnM)  induced  PEL 
apoptosis  (Figure  6D  and  6E).  Together,  these  data  provide 
solid  evidence  that  DNA-damage  may  represent  another 
mechanism  of  SASP-induced  PEL  apoptosis/cell  death, 
which  is  potentially  through  XRCC5.  In  addition,  direct 
siRNA  silencing  of  XRCC5  also  enhanced  low-dose  SASP 
(O.lmM)-induced  apoptosis  for  Burkitt’s  lymphoma  BL- 
41  cells  (Figure  S7),  while  targeting  XRCC5  induced  no 
apoptosis  for  primary  human  CD19+  B  cells  isolated  from 
peripheral  blood  of  healthy  donor  (Figure  S5). 
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Figure  6:  Targeting  XRCC5  impairs  DNA-damage  repair  abilities  of  PEL  cells  and  promotes  chemieals-induced 
apoptosis.  (A)  BCP-1  and  BCBL-1  were  transfected  with  either  negative  control  siRNA  (n-siRNA)  or  ARCC5-siRNA  for  48  h,  then  some 
cells  incubated  with  0.  ImM  of  SASP  for  additional  24  h  and  cell  apoptosis  was  assessed  using  Annexin  V-PI  staining  and  flow  cytometry 
analysis.  (B-C)  Protein  expression  in  BCBL-1  was  measured  by  immuoblots  and  immunofluorescence,  respectively.  (D-E)  BCBL-1  were 
transfected  as  (A),  then  incubated  with  lOOnM  of  doxorubicin  (Dox)  or  indicated  concentrations  for  additional  48  h,  then  cell  apoptosis  and 
death  were  measured  by  flow  cytometry  and  MTT  assay,  respectively.  Error  bars  represent  the  S.E.M.  for  3  independent  experiments.  *  = 
p  <  0.05,  **  p  <  0.01  (vs  SASP+n-siRNA  group  or  Dox+n-siRNA). 
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DISCUSSION 

Recent  studies  have  demonstrated  that  KSHV 
contributes  to  PEL  survival  and  proliferation  in  part  by 
downregulating  or  inactivating  specific  tumor  suppressor 
genes.  For  example,  KSHV-encoded  latency-associated 
nuclear  antigen  (LANA)  can  directly  interact  with  and 
inactivate  the  tumor  suppressor  functions  of  p53  and  p73, 
thus  promoting  tumor  cell  survival  [36,  37].  In  addition, 
one  of  the  KSHV  micro RNAs,  miR-K12-l,  directly  targets 
and  represses  expression  of  p21,  a  well-known  eye  In¬ 
dependent  kinase  (CDK)  inhibitor,  to  promote  PEL  cell 
growth  [38].  Furthermore,  the  amino  acid  transporter, 
xCT,  which  is  highly  expressed  on  the  surface  of  KSHV+ 
PEL  cells,  also  supports  PEL  growth  not  only  through  its 
amino-acid  transport  function  but  also  through  regulation 
of  downstream  cell  survival  effectors  [5].  This  is 
supported  by  our  previous  data  demonstrating  that  the  xCT 
selective  inhibitor,  SASP,  blocks  PEL  tumor  progression 
in  an  immune-deficient  xenograft  model  [5],  suggesting 
that  the  infectious  process  of  KSHV  is  directly  linked 
to  post-entry  mechanisms  involved  in  virus-associated 
lymphomagenesis,  but  the  mechanisms  by  which  xCT 
orchestrates  this  link  are  not  fully  defined. 

In  the  current  study,  we  used  microarray  analysis 
to  interrogate  the  transcriptional  profile  of  SASP-treated 
KSHV 1  PEL  cell  lines,  and  identified  a  number  of  genes 
whose  expression  was  altered  in  a  unique  and  global 
manner.  Enrichment  analysis  indicated  that  targeting  xCT 
in  this  manner  resulted  in  upregulated  expression  of  a  class 
of  genes  that  may  function  to  promote  PEL  cell  survival 
in  part  by  preventing  apoptosis  and/or  programmed  cell 
death,  implying  that  in  addition  to  its  natural  function  as 
amino  acid  transporter,  xCT  also  acts  as  a  global  regulator 
of  down-stream  effector  proteins  involved  in  tumor  cell 
survival. 

First  we  discovered  that  OSGIN1,  a  tumor 
suppressor  gene  that  is  upregulated  in  SASP-treated  PEL 
cells,  plays  a  role  in  SASP-induced  PEL  apoptosis  through 
regulation  of  Akt  signaling,  GSH  synthesis  and  ROS 
production.  Interestingly,  the  OSGIN1  homolog,  bone 
marrow  stromal  cell  (BMSC)-derived  growth  inhibitor 
(BDGI),  has  been  shown  to  induce  cell  cycle  arrest  in  S 
phase  and  subsequent  apoptosis  of  MCF-7  breast  cancer 
cells,  which  potentially  occurs  through  upregulation 
of  p27Klpl  and  downregulation  of  cyclin  A,  Bcl-2,  and 
Bcl-xL  [39].  Therefore,  our  data  are  consistent  with  an 
emerging  theme  with  respect  to  xCT-mediated  tumor  cell 
survival,  and  sets  the  stage  for  derivative  studies  aimed  at 
detennining  whether  targeting  the  xCT/OSGIN  1  axis  will 
also  impact  proteins  involved  in  the  PEL  cell  cycle. 

Doxorubicin,  a  DNA-damage  reagent,  is  one  of 
the  first-line  chemotherapy  drugs  for  PEL  treatment  [3]. 
However,  our  previous  studies  have  demonstrated  that 
some  KSHV+  PEL  cell-lines  (e.g.  BCP-1  and  BCBL- 
1)  display  multidrug  chemoresistance  to  a  number  of 


chemotherapeutic  drugs,  including  Doxorubicin  [40]. 
Here  we  found  that  siRNA  “knock-down”  of  XRCC5,  one 
of  the  downstream  genes  regulated  by  xCT,  impaired  the 
DNA-damage  repair  machinery  and  sensitized  BCBL-1  to 
low  dose  Doxorubicin-induced  cell  apoptosis/cell  death. 
This  result  is  consistent  with  a  previous  study  in  which 
Huang  et  al.  demonstrated  a  link  between  the  level  of 
xCT  expression  in  a  panel  of  cancer  cell  lines  with  the 
potency  of  1,400  candidate  anticancer  drugs,  with  39 
positive  correlations,  and  296  negative  correlations  [41]. 
Therefore,  we  have  reason  to  believe  that  targeting  xCT/ 
XRCC5  represents  a  promising  “combination”  strategy  for 
enhancing  the  efficacy  of  chemotherapeutic  drugs  while 
reducing  systemic  cytotoxicity. 

Considered  in  a  broader  context,  our  data  supports 
evaluation  of  xCT  targeting  as  a  means  to  attenuate 
survival  and/or  growth  of  other  non-KSHV-associated 
lymphomas  as  well.  For  instance,  xCT  is  expressed  on 
some  Burkitt’s  lymphoma  cell-lines  such  as  BL-41  and 
BJAB  (both  KSHV"cg/EBVncg),  AKATA  (KSHVncg/EBV+) 
and  on  some  diffuse  large  cell  lymphoma  (DLCL)  cell¬ 
lines  such  as  CRL2631  (KSHVncg/EBVneg),  and  inhibition 
of  xCT  by  SASP  also  induced  significant  apoptosis  in 
BL-41  lymphoma  cells  expressing  high  levels  of  xCT  [5]. 
Therefore,  it  will  be  interesting  to  explore  the  global  gene 
profile  altered  by  targeting  xCT  in  other  AIDS-related 
lymphoma  cells  as  well.  As  mentioned  above,  SASP 
treatment  induced  a  much  higher  number  of  uniquely 
altered  genes  in  the  dually  infected  BC-1  (KSHV7EBV+) 
cells  than  in  BCBL-1  and  BCP-1  (both  of  which  are 
KSHV7EBVneg),  suggesting  that  complex  interactions 
between  these  co-existent  oncogenic  herpesviruses 
may  influence  the  outcome  of  SASP  treatment.  In  this 
respect  subtractive  microarray  analysis  of  differential 
gene  expression  cell  lines  latently  infected  with  one  or 
both  viruses  may  reveal  important  themes  related  to  their 
strategies  for  persistence  and  induction  of  associated 
malignancies. 

MATERIALS  AND  METHODS 


Cell  culture  and  reagents 

The  PEL  cell-line  BCBL-1  (KSHV7EBVncg)  and 
a  Burkitt’s  lymphoma  cell  line  BL-41  (KSHV1,eg/EBVncg) 
was  kindly  provided  by  Dr.  Dean  Kedes  (University  of 
Virginia)  and  maintained  in  RPMI  1640  medium  (Gibco) 
with  supplements  as  described  previously  [42].  The  other 
PEL  cell-lines  BC-1  (KSHV7EBV+)  and  BCP-1  (KSHV7 
EBVncg)  were  purchased  from  American  Type  Culture 
Collection  (ATCC)  and  maintained  in  complete  RPMI 
1640  medium  (ATCC)  supplemented  with  20%  FBS.  All 
cells  were  cultured  at  37°C  in  5%  CO,.  All  experiments 
were  carried  out  using  cells  harvested  at  low  (<  20) 
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passages.  Sulfasalazine  (SASP)  and  Doxorubicin  were 
purchased  from  Sigma. 

Microarray 

Microarray  analysis  was  performed  and  analyzed 
at  the  Stanley  S.  Scott  Cancer  Center’s  Translational 
Genomics  Core  at  LSUHSC.  BC-1,  BCP-1  and  BCBL- 
1  cells  were  treated  with  vehicle  or  the  xCT  selective 
inhibitor  SASP  (0.5  mM)  for  48  h,  respectively.  Total 
RNA  was  isolated  using  Qiagen  RNeasy  kit  (Qiagen), 
and  500  ng  of  total  RNA  was  used  to  synthesize  dscDNA. 
Biotin-labeled  RNA  was  generated  using  the  TargetAmp- 
Nano  Labeling  Kit  for  Illumina  Expression  BeadChip 
(Epicentre),  according  to  the  manufacturers’  instructions, 
and  hybridized  to  the  HumanHT-12  v4  Expression 
BeadChip  (Illumina)  which  contains  more  than  47,000 
probes  derived  from  the  NCBI  RefSeq  Release  38  and 
other  sources,  at  58°C  for  16  h.  The  chip  was  washed, 
stained  with  streptavadin-Cy3,  and  scanned  with  the 
Illumina  BeadStation  500  and  BeadScan.  Using  the 
Illumina’s  GenomeStudio  software,  we  normalized  the 
signals  using  the  “cubic  spline  algorithm”  that  assumes 
that  the  distribution  of  the  transcript  abundance  is  similar 
in  all  samples,  according  to  the  method  proposed  by 
Workman  et  al  [43].  The  background  signal  was  removed 
using  the  “detection  p-v alue  algorithm”  to  remove 
targets  with  signal  intensities  equal  or  lower  than  that  of 
irrelevant  probes  (with  no  known  targets  in  the  human 
genome  but  thermodynamically  similar  to  the  relevant 
probes).  The  microarray  experiments  were  performed 
twice  for  each  group  and  the  average  values  were  used  for 
analysis.  Common,  similar,  and  unique  sets  of  genes  and 
enrichment  analysis  were  performed  using  the  MetaCore 
Software  (Thompson  Reuters)  as  previously  reported  [23]. 
The  microarray  original  data  have  been  submitted  to  Gene 
Expression  Omnibus  (GEO)  database  (Accession  number: 
GSE65418). 

Isolation  of  circulating  human  B  cells 

Human  peripheral  blood  mononuclear  cells  (PBMC) 
were  isolated  from  whole  blood  from  the  healthy  donor 
following  Ficoll  gradient  separation.  PBMC  were  washed 
and  resuspended  in  500  pL  total  volume,  including  440 
pL  buffer  composed  of  2%  FBS  and  1  mM  EDTA  in 
IX  PBS  (EasySep  buffer,  STEMCELL  Technologies), 
30  pL  Fc-receptor  blocker  (eBiosciences),  and  30  pL 
of  a  PE-conjugated  anti-CD  19  monoclonal  antibody 
(BD-Pharmagen),  for  incubation  at  RT  for  20  minutes. 
100  pL  EasySep  PE  selection  cocktail  (STEMCELL 
Technologies)  was  added  for  an  additional  15  minutes, 
and  2.5  mL  of  additional  buffer  was  then  added  prior  to 
magnetic  column  separation  of  CD19+  cells.  Following 
column  separation,  supernatants  were  discarded  and 


cells  resuspended  in  fresh  2.5  mL  buffer  for  each  of  two 
additional  column  separation  steps.  Thereafter,  cells 
were  resuspended  in  complete  RPMI  1640  medium 
supplemented  with  20%  FBS  for  further  experiments,  or 
in  IX  PBS  for  flow  cytometry  to  determine  the  purity  of 
selection.  92-95%  pure  populations  of  CD19+  cells  were 
recovered  (data  not  shown). 

Cell  viability  assays 

Cell  viability  was  assessed  using  MTT  assays  for 
assessment  of  proliferative  capacity,  and  flow  cytometry 
was  used  for  quantitative  assessment  of  apoptosis. 
Standard  MTT  assays  were  performed  as  described 
previously  [5].  For  flow  cytometry,  the  FITC-Annexin 
V/propidium  iodide  (PI)  Apoptosis  Detection  Kit  I  (BD 
Pharmingen)  was  used  according  to  the  manufacturer’s 
instructions. 

Immunoblotting 

Cells  were  lysed  in  buffer  containing  20  mM  Tris 
(pH  7.5),  150  mM  NaCl,  1%  NP40,  1  mM  EDTA,  5  mM 
NaF  and  5  mM  Na3V04.  Total  cell  lysates  (30  ug)  were 
resolved  by  10%  SDS-PAGE,  transferred  to  nitrocellulose 
membranes,  and  immunoblotted  using  100-200  ug/mL 
antibodies  to  cleaved-caspase  3/9,  p-Akt,  p-P70S6,  p-S6, 
p-H2A.X,  p-p53/t-p53,  and  XIAP  (all  purchased  from 
Cell  Signaling,  Inc.,  Danvers,  MA).  For  loading  controls, 
blots  were  incubated  with  antibodies  detecting  P-Actin 
(Sigma).  Immunoreactive  bands  were  developed  using  an 
enhanced  chemiluminescence  reaction  (Perkin-Elmer)  and 
visualized  by  autoradiography. 

Immunofluorescence  Assays  (IFA) 

Cells  were  incubated  in  1:1  methanol-acetone  at 
-20°C  for  fixation  and  permeabilization,  then  with  a 
blocking  reagent  (10%  normal  goat  serum,  3%  bovine 
serum  albumin,  and  1%  glycine)  for  an  additional  30 
minutes.  Cells  were  then  incubated  for  1  h  at  25  °C 
with  1 :400  dilution  of  a  mouse  anti-p-p53  antibody  or  a 
rabbit  anti-p-H2A.X  antibody  (Cell  Signaling)  followed 
by  1:200  dilution  of  a  goat  anti-mouse  or  goat  anti¬ 
rabbit  secondary  antibody  conjugated  with  Texas  Red 
(Invitrogen),  respectively.  For  identification  of  nuclei, 
cells  were  subsequently  counterstained  with  0.5  pg/mL 
4’,6-diamidino-2-phenylindole  (DAPI;  Sigma)  in  180  mM 
Tris-HCl  (pH  7.5).  Cells  were  washed  once  in  180  mM 
Tris-HCl  for  15  minutes  and  prepared  for  visualization 
using  a  Leica  TCPS  SP5  AOBS  confocal  microscope. 
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RNA  interference 

For  RNA  interference  assays,  ON-TARGET 
plus  SMART  pool  siRNA  for  xCT,  OSGIN1  or  XRCC5 
(Dharmacon),  or  negative  control  siRNA,  were  delivered 
using  the  DharmaFECT  transfection  reagent  according  to 
the  manufacturer’s  instructions. 

qRT-PCR 

Total  RNA  was  isolated  using  the  RNeasy  Mini  kit 
according  to  the  manufacturer’s  instructions  (QIAGEN). 
cDNA  was  synthesized  from  equivalent  total  RNA  using 
Superscript  III  First-Strand  Synthesis  SuperMix  Kit 
(Invitrogen)  according  to  the  manufacturer’s  procedures. 
Primers  used  for  amplification  of  target  genes  are 
displayed  in  Table  S 1 .  Amplification  was  carried  out  using 
an  iCycler  IQ  Real-Time  PCR  Detection  System,  and 
cycle  threshold  (Ct)  values  were  tabulated  in  duplicate  for 
each  gene  of  interest  in  each  experiment.  “No  template” 
(water)  controls  were  used  to  ensure  minimal  background 
contamination.  Using  mean  Ct  values  tabulated  for  each 
gene,  and  paired  Ct  values  for  P-actin  as  an  internal 
control,  fold  changes  for  experimental  groups  relative  to 
assigned  controls  were  calculated  using  automated  iQ5  2.0 
software  (Bio-rad). 

ROS  measurement 

PEL  cells  were  loaded  with  10  pM  of  the  ROS  dye 
C-H2DCFDA  (Invitrogen)  for  30  min  at  37°C  in  Hanks’ 
Balanced  Salt  Solution  (HBSS)  containing  calcium  and 
magnesium  (HBSS/Ca/Mg).  Cells  were  then  washed 
once  with  HBSS/Ca/Mg  to  remove  dye,  resuspended  in 
HBSS/Ca/Mg  and  subjected  to  flow  cytometry  analysis  as 
previously  described  [5]. 

NADPH  oxidase  activities  assays 

The  chemiluminescence-based  NADPH  oxidase 
activity  assays  were  performed  as  described  previously 
[5].  After  drug-treatment,  cells  were  centrifuged  at  500  g 
for  10  min  at  4°C.  The  cell  pellet  was  resuspended  in  35 
pL  ice-cold  lysis  buffer  and  kept  on  ice  for  20  min.  To  a 
final  200  pL  of  HBSS/Ca/Mg  buffer  containing  NADPH 
(1  pM,  Sigma)  and  lucigenin  (20  pM,  Sigma),  5  pL  of  cell 
lysates  was  added  to  initiate  the  reaction  for  5  min  at  37°C. 
Chemiluminescence  was  measured  immediately  using  a 
Synergy  HT  microplate  reader  (BioTek  Instruments). 


Intracellular  GSH  measurement 

The  intracellular  GSH  levels  in  PEL  cells  were 
quantified  using  the  GSH-Glo™  Glutathione  Assay  Kit 
(Promega),  according  to  the  manufacturer’s  instructions. 

Statistical  analyses 

Significance  for  differences  between  experimental 
and  control  groups  was  determined  using  the  two-tailed 
Student’s  t-test  (Excel  8.0). 
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